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"The friction made by the same weight will be of equal 
resistance as the beginning of its movement, although the 
contact may be of different breadths and lengths. Friction 
produces double the amount of effort if the weight be 
doubled." – observed by Leonardo da Vinci (1452-1519). 
The essential part of this thesis work is to understand the tribology of the 
self-lubricating materials for dry sliding bearings. The word tribology 
stems from the classic Greek, which means the “knowledge of (logy)” 
“rubbing (tribo)”. Tribology is the work of surfaces in relative motion, 
mainly focusing on friction and wear. Friction is a physical phenomenon 
that prevents easy and smooth movement when two surfaces are in contact 
and are moving with respect to each other. It makes waking possible for us. 
On the other hand, friction is a major source of energy dissipation 
(Stachowiak, 2001). Whilst friction leads to energy loss, wear gives rise to 
the removal of material. Hence, in many cases, to reduce undesired 
friction and wear, we can add lubricants onto one (or two) surface. The 
first record of using liquid lubricant dates back to 2400 B.C., in which 
Egyptians used water to diminish friction while moving an Egyptian 
colossus [1]. 
Up to now, despite research over centuries the details of mechanisms 
of friction and wear over various length and time scales have not yet been 
fully understood. The mechanisms in a particular case are very much 





as sliding speed, normal load, lubrication conditions, temperature, relative 
humidity, and so on. In order to reduce (or increase in some cases) friction 
and wear, it is relevant of practical applications to understand first what is 
the origin of friction and wear at a macroscopic length scale.  
1.1.1 Friction 
The coefficient of friction (CoF), the ratio between the friction force (Ff) 




Friction between sliding surfaces results in mechanical interactions at 
an atomic scale such as the deformation of the asperities, ploughing by 
debris and asperities of the hard counterpart, and adhesion between the 
contact surfaces. Friction is influenced by the real area of contact between 
the sliding surfaces, the type and strength of the bond formed at the 
interface of the surfaces, and the way in which material in and around the 
contact area is sheared and ruptured during sliding [2]. In 1785, Coulomb 
published a paper on friction confirming Amontons' (1663-1705) finding 
that friction is independent of the contact area. Its reason was revealed 
later that the real contact area is much smaller than the apparent contact 
area in normal contact cases (except between ideally smooth surfaces or 
extremely deformable solids). In 1939, Bowden and Tabor [3] showed that 
friction is indirectly proportional to the real area of contact. 
The energy loss due to friction may be characterized by two 
phenomena: adhesion and deformation. To a first approximation it means 
that the friction force can be separated into an adhesive component, Fa, 
and a deformation component [4], Fd. 
𝐹𝑓 =  𝐹𝑎 +  𝐹𝑑 (0.2) 
Adhesion friction arises from the shearing of the junctions or bonds 
between the two interacting surfaces in relative motion. The high pressure 
and shearing may induce local melting of some material, creating 
junctions at the real contact spots, which contributes to the adhesion 
component of friction [5]. Interfacial adhesive bonding may form when 
solids are in contact under certain sliding conditions, which is another 
origin of adhesive friction. For instance, the formation of hydrogen 
bonding between a –OH terminated surface and a –NH3 terminated 
surface.  
Friction due to deformation can be attributed to two mechanisms: 





contacts e.g. metal-on-metal sliding. For viscoelastic materials e.g. rubber, 
where hysteresis losses are present, ploughing friction is negligibly small 
compared with hysteresis friction [6] and [7].  
1.1.2 Wear 
Wear is defined as the volume of material removed from the surface 
during sliding. There are two common equations to calculate wear rate, k, 
of a material after a test: 
𝑘 =  𝑉
𝑆×𝐿                                   (0.3) 
𝑘 =  𝑀
𝑆×𝐿×𝜌                                (0.4) 
where V is the wear volume, M is the weight loss, ρ is the density, S is the 
sliding distance, and L is the normal load. For polymeric materials, the 
weight loss is not a very suitable indicator since these materials can be 
subject to considerable plastic deformation. 
During decades, engineers have considered the wear rate (or wear life) 
of conventional materials using either rather simple and sometimes 
complex equations. Many of these equations are based on the assumption 
that the Young’s modulus E and/or the hardness H are important in the 
wear process of a conventional material property. An example is published 
by Archard in the early 1950s, [8]:  
𝑉 = 𝐾𝐾 𝑃
𝑃𝑚
                                 (0.5) 
where P is the applied load, Pm is the flow pressure (approximately 
proportional to the hardness) of the softer material and the ratio of the 
two is usually considered as the real contact area. The constant K is the 
probability that encounters if two asperities will produce wear particle. It 
also states the probability that a loosened particle will leave the sliding 
interface, becoming a piece of wear debris. The accurate meaning of K is 
not always very clear. However, from an experimental view point, the 
value of K is known as the “wear coefficient”. 
According to Meng and Ludema [9], by the year of 1994, there were 
already at least 182 different equations to estimate the general sliding wear. 
They also counted more than 625 different variables and constants in the 
equations. The largest number of variables in a single equation is 26, and 
the smallest is two. Some equations have up to nine different material 
properties included. Unfortunately hardly any designer can choose an 





that wear is a very complex process, with multiple mechanisms (e.g. 
adhesive, abrasive, three-body and fatigue wear) and many influential 
factors (kinematics, stresses, the activity of any lubricating layer, chemical 
environment, temperature, materials properties). Besides, the importance 
of the various factors contributing to wear may be different in various 
cases, meaning a “constant” is not really a constant.  
Wear mechanisms can be divided into four types: abrasion, adhesion, 
surface fatigue, and tribochemical reactions (Table 1.1). 
Table 1.1: Four basic categories of wear mechanisms (adapted from [10]). 
Wear mechanism Description 
Abrasion Removal of material due to scratching. 
Adhesion Formation and breaking of interfacial adhesive 
junctions/bonds. 
Fatigue Fatigue and formation of cracks in surface 
regions due to tribological stress cycles that 
result in the separation of material. 
Tribo-chemical 
reactions 
Formation of chemical reaction (e.g. radical 
reaction) products as a result of chemical 
interactions between the elements of a tribo-
system initiated by tribological action. 
1.2 Tribology in self-lubricating sliding bearings 
A self-lubricating sliding bearing (also called plain sliding bearing) is one 
of the simplest types of bearings, comprising just two conformal bearing 
surfaces without rolling elements (balls/rollers). The function of self-
lubricating sliding bearing arrangements is to constrain, guide or reduce 
friction in linear or rotary applications. In a self-lubricating sliding bearing, 
the part of the shaft in contact with the bearing slides over the bearing 
surface. They are particularly suitable where alignment movements 
between shaft and housing have to be accommodated and high loads must 
be supported under relatively slow rotary and motion in a wide 
temperature range. In a radial motion, the clearance between the shaft and 
sliding layer ensures the mobility of the sliding partners. Lubrication is 
ensured by embedded lubricants or a solid layer applied to a supporting 
body, which renders liquid lubricants unnecessary. 
In liquid-lubricated bearings, sliding contact surface requires regular 
re-lubrication as part of a regularly scheduled maintenance program. 





wear debris and redistribute the grease. Although re-lubrication extends 
bearing service life, it also adds cost, including the cost of labor, 
downtime, new grease and dispose of used grease. The self-lubricating 
materials in self-lubricating sliding bearings are used to reduce the 
friction force while continuously supplying the sliding interface with solid 
lubricants. Because of their self-lubricating properties and compact 
design, these self-lubricating sliding bearings are particularly suitable for 
applications where: 
• maintenance-free operation is required; 
• liquid lubricants cannot be used; 
• space is limited in the bearing arrangements. 
There are mainly three types of self-lubricating (plain) sliding 




Fig. 1.1 (a) journal plain bearing (source: wikipedia [11]); (b) linear plain 
bearing (source: PBC linear [12]); (c) thrust plain bearing (source: global-
industrial [13]).  
Although the application is not as extensive as ball bearings and roller 
bearings, self-lubricating sliding bearings have find their applications in: 
(1) vehicles (clutches, shock absorbers, wiper arms, linear guide for 
suspension strut piston rod), (2)  trains (torsion bar links, inter-coach 
damper, brake mechanisms, automatic coupler, steering pivot links, tilt 
mechanisms), see in Fig. 1.2, (3) linear guide for hydraulic cylinders, (4) 







 Fig. 1.2 A schematic drawing shows the applications of self-lubricating sliding 
bearings on the trains. (Source: SKF, Bogie designs [14])  
In self-lubricating sliding bearings, the contact surfaces usually 
consist of a coated/uncoated steel and a steel-backed soft layer (self-
lubricating material). The hard coating can be made of hard chromium, 
diamond-like carbon, alumina etc. to achieve a better wear resistance 
than uncoated steel. Regarding different application purposes, the other 
part of materials used in self-lubricating sliding bearings can be steel-
backed polytetrafluoroethylene (PTFE) coated bronze, PTFE (or others 
solid lubricants) filled polymer composites, fiber and/or particles 
reinforced PTFE composites and PTFE (or others) embedded ceramics.  
In this work, we mainly focus on PTFE filled polymer composites, 
since this is the major type of material used by our industrial partner 
SKF. They are usually composed of three components: polymer matrix, 
reinforcer and a solid lubricant. The polymer matrix can be made of 
many different materials, such as PA, PE, or resins such as phenolic or 
epoxy. The reinforcer is usually glass or carbon fibers, glass particles, 
and various nanoparticles. Commonly used solid lubricants are PTFE, 
molybdenum disulfide, tungsten disulfide, graphite and hexagonal boron 
nitride, all of which have a layered structure. It is the layered structure 
that leads to an easy shear between layers, which is the origin of the low 





low friction and a low wear and to support a high load. PTFE has very low 
CoF of these materials and also has an outstanding resistance to a wide 
range of solution types, making it a chemically stable material. This 
makes PTFE a suitable material for application in extreme environments, 
and the most commonly used solid lubricant. Hence, PTFE is chosen as 
the solid lubricant in this work. The matrix material used in this work is 
phenolic and/or epoxy, due to their excellent adhesion and binding 
functionality. 
How does a self-lubricating sliding bearing work? During the sliding 
contact, initially, it is a two body contact system. However, the sliding 
process could generate some third-body material primarily from the 
softer composites, which can be pushed out of the contact interface (wear 
debris), be transferred to the harder counterpart (transfer films), or 
smeared onto the composite surface (third-body layers). In the case of 
PTFE as a solid lubricant, the transfer film is mainly a PTFE film 
transferred from self-lubricating composites onto the hard counterpart. 
 
  
Fig. 1.3 Schematic drawings show (a) the initial contact between a ceramic-
backed solid lubricant and a steel counterpart before sliding, (b) gradual filling 
of the solid lubricant in the grooves of the steel surface, (c) buildup of the solid 
lubricant on the whole the steel surface, (d) hard micro-debris being embedded 





Once that happens, the sliding actually occurs between the PTFE 
transfer film and PTFE films on the self-lubricating composites, which is 
essential to reduce the friction and wear. PTFE has a remarkably low CoF 
around 0.04 when sliding against itself under low velocities [ 16 ]. 
Schematic drawing in Fig. 1.3 shows that under the shear and adhesive 
force, the solid lubricant can fill the grooves and cover the steel surface as 
a transfer film, which reduces the friction. The soft solid lubricant can 
also “swallow” some hard micro-debris coming either from the wear 
process or an external source, which can alleviate abrasive wear. Hence, 
the formation of the PTFE transfer films is crucial on the tribological 
performance of PTFE and PTFE composites, which has been addressed by 
Tabor and his co-workers [17, 18]. 
Zooming into an even smaller scale, the ultra-low friction of PTFE-
on-PTFE sliding is attributed to the smooth profile of rigid rod-like PTFE 
molecules and easy shear of PTFE crystalline slices. The crystalline 
structure of PTFE is shown in Fig. 1.4. Repulsive forces between the large 
fluorine atoms of two crystalline slices, which are negatively charged due 
to its large electron negativity, gives rise to an easy shear between the 
lamellae. [19] 
 
Fig. 1.4 Crystalline structure of PTFE. [17] The PTFE molecular chains are 
closely packed in thin crystalline slices with an approximate thickness of 20 nm.  
1.3 Tribology in diamond-like carbon coatings 
Among various coatings, diamond-like carbon (DLC) coatings have attracted 
much attention due to their excellent mechanical and tribological properties, 
such as high hardness, high wear resistance and low friction properties 
(Erdemir and Donnet [20]; Zhang, et al. [21]; Gao, et al. [22]; Tillmann, et al. 





Czyzniewski [27 ]; Suzuki, et al. [28 ]; Gangopadhyay, et al. [29 , 30 ]; 
Gonz_alez, et al. [31]. Processing techniques of DLC coatings, such as PVD 
and PECVD, have been well developed. These coatings are deposited 
mainly with reactive magnetron sputtering and CVD. The previous 
research of our MK group have laid milestones and made a breakthrough 
in the design, production and characterization of DLC based nano-
composite on various substrate materials including steel, plastics and 
rubbers, with ultra-low friction and wear rate [32, 33, 34, 35].  
 
Fig. 1.5 Ternary phase diagram of various DLC films. The three corners 
correspond to diamond, graphite, and hydrocarbons, respectively. [36] 
DLC coatings can be divided into two categories based on their hydrogen 
percentage, hydrogenated (a-C:H, 10-60 at.% H) and hydrogen-free (ta-C, <1 
at.% H) DLC coatings (Matthews and Holmberg [37]; Gao, et al. [22]). In 
comparison with the ta-C coatings, the a-C:H coatings are relatively softer and 
exhibits the lower friction (0.02 to 0.35) and higher wear resistance (Erdemir 
and Donnet [20]; Ronkainen, et al. [ 38 ]), which is more suitable for 
lubrication purposes. The CoF can be as low as 0.003 in the case of a-C:H on 
a-C:H sliding [39]. Low wear and friction of the DLC coating during sliding is 
due to the easy shear of the carbonaceous transfer layer on the counterpart 
materials and due to the passivation of surface dangling bonds (Erdemir and 
Donnet [20]; Tillmann, et al.[23]; Vladimirov, et al. [40];). Along with the 
excellent tribological properties, the a-C:H coatings possess high hardness, 





Doping the a-C:H coatings with other elements, such as various Ti, W, 
Mo, Si and N, have also been intensively studied, which could tailor the 
hardness, Young’s modulus and tribological performance of the coatings [42, 
43, 44, 45, 46]. The performance of the a-C:H coatings during application 
also depends on its adhesion strength to the substrate. The adhesion strength 
can be enhanced by forming carbide bonding (such as TiC or Cr-C) between 
the coating and the substrate and by adjusting the thermal expansion 
coefficients of the interlayer to alleviate thermal stresses [47, 48, 49], 
which prevents the delamination of coating.  
Tremendous progress have been made in the past two decades on 
various DLC coatings, which have already been commercialized by various 
producers (Techmetals, Richter Precision, Calico Coatings, etc.). However, up 
to now, almost all the papers are on the results of DLC sliding against hard 
counterparts, while the behaviors of DLC sliding against soft polymers or self-
lubricating polymer composites are not widely reported. Therefore, it is of 
interest to study the tribological performance of DLC coatings sliding 
against self-lubricating polymer composites. 
1.4 Scope of the thesis 
This research was carried out in collaboration with SKF Engineering and 
Research Center (Nieuwegein, The Netherlands), under the project 
M21.7.11422 within the framework of Materials innovation institute (M2i). 
The research was carried out at Materials Science group (MK), 
Department of Applied Physics, Zernike institute for Advanced Materials, 
University of Groningen. The objective of this research, from the industry 
viewpoint, is to improve the tribological performance of particles or fibers 
reinforced self-lubricating composites, which are currently applied in dry 
sliding bearings. In a nutshell, the project aims at studying the following 
scientific topics: 
1. influence of coatings or hard counterparts on the wear process in 
dry sliding contact against the self-lubricating composites; 
2. influence of composition, structure and mechanical properties of 
self-lubricating composites on the wear process; 
3. influence of environment and sliding conditions on the wear and 
friction of the self-lubricating composites; 
4. influence of the formation of transfer films and chemical bonding 





In chapter 2, the production methods of several self-lubricating 
composites via optimizing the composition, mixing process and curing 
process is explained. The deposition process of diamond-like coatings (DLC) 
via reactive magnetron sputtering process is introduced. The detailed set-
up of a ball-on-disk tribometer is also described. Characterization 
techniques of the tribological performance are discussed. 
This work can be divided into two parts: the first part is practical and 
applied research, which is mainly on performance evaluation; the second 
part is more fundamental research, which is of great scientific interests. 
The first part starts with Chapter 3. The wear and frictional 
performance of the continuous glass fibers reinforced phenolic 
composites, which was supplied and is still used by SKF, is discussed. 
Interrupted in-situ observation of the wear evolution in the same location is 
carried out to understand the wear mechanism of the phenolic composite. 
The effect of DLC (TiC/a-C:H) coating on the wear and frictional performance 
of the composite is also investigated via comparing with uncoated balls. The 
thickness of transfer films on the counterpart balls is estimated. 
It was found that the weak mechanical properties and the 
inhomogeneous distribution of the fillers were detrimental to the tribological 
performance in Chapter 3. Hence, we were driven to produce some well-
mixed particulate composites with better mechanical properties. Three 
different types of PTFE filled SiO2 particles reinforced epoxy composites are 
introduced in Chapter 4. Firstly, an Epomet-PTFE composite with a fixed and 
high concentration of SiO2 particles is studied. The effect of various PTFE 
content is studied to optimize the composition of the epoxy composites. The 
wear mechanism of the composites and the abrasive wear on counterpart 
steel balls are also investigated. As regards other two types PTFE/epoxy 
composites, the concentration of SiO2 particles is varied to study its effect 
while the concentration of PTFE is fixed. Load capacities and performance of 
long sliding tests of the epoxy composites are discussed. 
Along the way, we realized that to achieve a long and stable sliding 
(service life) with low CoF and wear, not only improving the mechanical 
properties of the self-lubricating composites but also reducing the wear and 
roughening of the counterpart ball is crucial. In Chapter 5, the effects of 
content, size and type of fillers on the abrasiveness and the reinforcing effect 
of PTFE/epoxy composites sliding against steel balls are investigated. 





also examined and compared. Also, the effect of some nano-fillers on the 
mechanical and tribological properties of the epoxy composites is investigated. 
The second part is comprised of Chapter 6 & 7. Alignments of micro-
fibrils in the PTFE fibers after sliding was seen during the study in Chapter 2 
(in SEM images), which triggered our curiosity. In chapter 6, the influence of 
dry sliding on the transformation of PTFE molecular structure is investigated. 
The change of crystallinity of PTFE upon sliding is observed and discussed. 
The morphologies of the PTFE transfer film, the PTFE wear debris and the 
original PTFE are all different as observed with SEM. FT-IR is used to further 
investigate the conformational change of PTFE molecular chains upon sliding. 
Another interesting finding in this thesis is the formation of metal-F 
bonding on the counterpart ball surfaces could influence the tribo-
performance of PTFE/epoxy composites, which will be discussed in Chapter 7. 
When sliding against steel, Al2O3 and Si3N4 balls, it is found that the Al2O3 ball 
exhibits the best tribo-performance, i.e. low CoF and lowest wear rates, while 
Si3N4 has the best mechanical properties. XPS results suggest that the 
formation of Al-F bonding plays an importance role. In water-lubricated 
conditions, it is found that the tribological performance of the composites gets 
worse than in dry sliding conditions. The effect of boundary water layer on the 
formation of PTFE transfer films and metal-F bonding is inspected and 
discussed. During sliding, the contact pressure is found to be a driving force of 
the reaction between steel and PTFE. 
In the final Chapter, the outcome of this thesis is summarized. An 
outlook on the future perspectives involving the further optimization of 
the composition and curing process of the composites is provided. Some 
possible scale-up solutions are proposed. 
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Sample Preparation and Tribo-Tests 
As aforementioned in Chapter 1, the objective of this work is to improve 
the tribological performance of particles or fibers reinforced self-lubricating 
composites, which are currently applied in dry sliding bearings. To carry out 
this study, apart from some materials supplied by SKF, other self-lubricating 
composites are produced via optimizing the composition, mixing process and 
curing process. Diamond-like coatings are deposited via reactive magnetron 
sputtering process. Characterization of their tribological performance is 
performed using a ball-on-disk tribometer. The details are discussed in 
the following sections. 
2.1 Composites production 
Epomet-PTFE composites 
An epoxy- and SiO2-containing powder, Epomet F, was purchased from 
Buehler GmbH. The powder is mainly composed of about 31±2 wt.% epoxy 
resin (tetrabromobisphenol-A epoxy, CAS: 26265-08-7) and 65±2 wt.% SiO2 
particles. It also contains 1-2 wt.% 2,4,6-tris(dimethylaminomethyl)phenol, 
~1 wt.% antimony oxide (Sb2O3) particles (for flame retardant property) and 
less than 1 wt.% carbon black (pigment). The diameters of the SiO2 particles 
range between 20 and 100 µm, and that of the Sb2O3 lies between 10 to 30 µm, 
as measured with light microscopy. The density of Epomet F powder is about 
2.09 g/cm3, according to the datasheet from the manufacturer. The PTFE 
powder, Zonyl MP 1000 fluoro-additive from DuPont, comprises of loose 
agglomerates with sizes up to 150 µm (the size of the primary particles is 
about 12 µm). The density of molded PTFE is around 2.2 g/cm3, while the 
density of the loosely agglomerated PTFE particles is only about 0.5 g/cm3. In 





the PTFE powder was sieved through a 71 µm sieve with a sieve shaker 
(Retsch AS 200). 
The two dry powders were mixed for 3 minutes in a clean glass container. 
Thereafter, the glass container with the pre-mixed powders was vibrated in a 
shaker for 40 min. The powder mixture was then transferred to a mounting 
press (Buehler Metaserv Pneumet II) for curing. It was cured at about 160 °C 
for 20 minutes under with a pressure of 4.1 bar and cooled down with water 
afterwards. The curing process was performed according to the 
recommendations of the powder manufacturer (Buehler). The molded 
samples, about 7 mm thick and ø30 mm in diameter, were then polished to 
about 6.5 mm thick with silicon carbide abrasive papers up to 4000 grade. 
The surface of the polished composite was rinsed with distilled water before 
tribo-tests.  
The PTFE/SiO2/epoxy composite is referred as “Epomet-PTFE 
composite”, with the content of PTFE ranging from 0 to 30 wt.%. For 
conciseness, the Epomet-PTFE composites are named according to the 
content of PTFE as ‘Epomet-PTFE-xx’, where xx denotes the weight 
percentage of the PTFE powder. The measured Vickers hardness and 
compressive strength of the Epomet-PTFE composites are listed in Table 1. 
The mechanical properties of the composites are inversely proportional to the 
PTFE content. 
Epoxy 6078 composites 
Epoxy XB 6078 powder, supplied by Huntsman, is a one-component solid 
epoxy system. It can be cured by heating up to above 110 °C in several 
minutes. PTFE powder, purchased from Sigma-Aldrich (430943 Aldrich), has 
an average particle size about 12 µm, according to manufacturer’s datasheet. 
Hollow (partially hollow) glass micro-spheres (47Si, 37O, 8Na, 6Ca, 0.8Al, 
wt.%, measured with energy dispersive X-ray spectroscopy), from Sigma-
Aldrich (440345 Aldrich), have average diameter around 8.4 µm as measured, 
which is a bit lower than the size 9-11 µm as indicated on the package. 
After weighing, the epoxy and the PTFE powder together with 6.5 g water 
was ball milled (10 ø6 mm 100Cr6 steel balls) at 400 rpm for 7 minutes using 
a Fritsch Pulverisette planetary mill. The mixture and the balls are in one of 
the two steel cylinders as shown in Fig. 2.1b. Then, the hollow glass micro-
spheres were added in and ball milled for another 2 minutes. The mixture was 
dried in an oven at 40°C overnight. The dried powder was then gently ground 
and transferred to a curing mold. According to SEM observations, the glass 
micro-spheres in the ground powder were not evidently fractured or broken. 





Fig. 2.1 (a) A schematic drawing of the mold. (b) A photo of the mold. 
The powder was cured at 8 bar pressure for 10 minutes in the curing 
mold which was placed in a hot press, Schwabenthan Polystat 100T. The 
curing temperature of the bottom heating plate and the top heating plate are 
112°C and 245°C, respectively, due to the de-molding design of the curing 
mold so that the distance of curing composites is 56 mm to the top plate and 
20 mm to the bottom plate. The curing process was optimized by the master 
student, Frank van Rijn, which is evaluated mainly by the hardness of the 
cured sample. The cured samples were cooled down with compressed air. 
After de-molding, the composite disks (around ø30 mm × 7.5 mm) were 
polished until 4000-grade polishing paper. The composites are named as 
Epoxy 6078 composites. 
Epoxy 25036 composites 
Solid epoxy resin, CAS No. 25036-25-3, Phenol, 4,4'-(1-methylethylidene)bis-
, polymer with 2,2'-[(1-methylethylidene)bis(4,1-phenyleneoxymethylene)]-
bis[oxirane], was purchased from Hebei Duoke Chemical Technology Co., Ltd. 






A curing agent, dicyandiamide powder, was purchased from Sigma-
Aldrich (D76609 Aldrich), while Epikure Curing Agent P-101 was used as an 
accelerator. The epoxy resin tends to agglomerate at room temperature. In 
order to effectively mix the different components, the epoxy is ground and 
subsequently sieved (< 100 µm) and kept in a refrigerator. The harder and 
accelerator are also ground to break up major agglomerates. The fillers are 
(partially) hollow glass micro-spheres and PTFE powders, the same as those 
used in Epoxy 6078 composites.  
After weighing the epoxy (epoxy: hardener : accelerator=92.2 : 6.5 : 1.5) 
and fillers, the method of mixing and drying is also the same as the one used 
in Epoxy 6078 composites. However, it is cured in a different hot-press, a 
THB 400 Table press. The top and bottom temperatures are set at 
respectively, 285°C and 162°C for curing, with a curing pressure around at 40 
bar. The heating time is 60 minutes, thereafter the mold is left to cool in an 
ambient atmosphere until the temperature of the top plate has dropped to 
180°C (± 70 min). Then, the hot-press is water-cooled until temperatures of 
both plates have dropped under 20°C (±10 min). Together with another 
master student Rogier J. Huls we optimized the curing process by also 
evaluating the hardness and porosity of the cured sample. After de-molding, 
the composite disks (around ø30 mm × 7 mm) were polished until 4000 
grade polishing paper. The composites are named as Epoxy 25036 
composites. 
A short summary of the three different types of composites is presented 
in Table 2.1.  Note that all the basic components are solid powders. 
Table 2.1 The composition of the three composites as introduced above. 
Composites Matrix Solid lubricant Reinforcer Remarks 
Epomet-PTFE epoxy 1 PTFE SiO2 particles 
premixed epoxy/SiO2 
ratio fixed 
Epoxy 6078 epoxy 2 PTFE hollow glass spheres one-component epoxy 
Epoxy 25036 epoxy 3 PTFE hollow glass spheres  
2.2 DLC coating deposition 
A hydrogenated diamond-like carbon (DLC) coating, TiC/a-C:H 
nanocomposite coating, was deposited on the honing patterned 100Cr6 steel 
balls and the smooth 100Cr6 steel balls in this study, which were 
ultrasonically cleaned with acetone and rinsed with ethanol, and further Ar-
plasma etched before deposition. The surface roughness (Ra) of the honing 




patterned 100Cr6 steel balls and the smooth 100Cr6 steel balls are around 
170 nm and 50 nm, respectively. The coating was deposited by reactive 
magnetron sputtering in a TEER UDP400/4 closed-field unbalanced 
magnetron sputtering (CFUMS) system in an argon/acetylene atmosphere, as 
shown in Fig. 2.2. With this technology, a magnetic trap can be formed to 
prevent electrons to escape the plasma region towards the chamber walls, 
which increases the overall ionization of the discharge. Hence, the extent of 
ion bombardment on the targets and substrate and the reactivity of the 
reactive gases (mainly hydrocarbon gases) are enhanced, which is beneficial 
to have a compact deposited film and a high deposition rate. 
  
Fig. 2.2 (a) the Teer UDP-400/4 deposition system (b) a view of the inside of the 
deposition chamber (the front door is open), the magnetrons and the sample 
holder are visible. (courtesy by Damiano Galvan [1]） 
The system contains four targets in total. One Ti target (as seen in Fig 
2.2b, embedded in the open front door) and one Cr target mounted face to 
face were used to deposit a TiCr intermediate layer, while other two Ti targets 
were used for reactive deposition of the top TiC/a-C:H nanocomposite 
coating. Before deposition, the chamber and the four targets were cleaned 
with argon sputtering. Then, an intermediate Cr-Ti layer (Cr % gradually 
decreases and Ti % gradually increases) is coated on the steel substrate to 
enhance the adhesion strength of the TiC/a-C:H coating. During the 
deposition of top TiC/a-C:H nanocomposite coating, the flow rate of argon 
and acetylene gases and the substrate bias voltage were 12 sccm, 8 sccm and 
50 V, respectively. The thickness of the coating and the intermediate layer was 





the TiC/a-C:H coating on Si wafer is shown in Fig. 2.3. The surface roughness 
(Ra) of the TiC/a-C:H coating on the honing patterned steel balls and the 
smooth 100Cr6 steel balls are also around 165 nm and 50 nm. The hardness 
and modulus of the coating are estimated to be 15 GPa and 140 GPa, 
respectively. The effect of process parameters on the coating properties (i.e. 
hardness, composition, roughness, adhesion strength) have been investigated 
and presented in our previous publications [2]. Other detailed investigation of 
the nanocomposite can be found in [3, 4 , 5].  
 
Fig. 2.3 A SEM image of a TiC/a-C:H nanocomposite coating on Si wafer. 
2.3 Tribo-tests 
A systematic study of the friction and wear behavior of the self-lubricating 
composites was carried out using a ball-on-disk tribometer (CSM 
Instruments, Switzerland) under dry sliding conditions, as shown in Fig. 2.4. 
During tribological tests, the counterpart ball was stationary, while the 
sample disks were rotating anti-clockwise beneath the stationary ball. The 
normal load was transferred from a horizontal arm (where the ball holder is 
fixed) to the ball/sample contact interface. The normal load used in study 
ranges from 0.1 N to 60 N. The sliding speed ranges from 0.5 cm/s to 50 cm/s. 




The total sliding distance is varied in different tests, while 1000 m distance is 
normally used for calculating wear rates. 
The counterpart balls used in the tribo-tests were ø13 mm ball, including 
100Cr6 bearing steel balls, Al2O3 balls, Si3N4 balls and TiC/a-C:H coated balls. 
Before the tribo-tests, the counterpart balls were cleaned with acetone and 
dried with clean compressed air. Most tests in this study – unless otherwise 
specified – were performed at room temperature (22 ± 2°C) and the relative 
humidity of 35 ± 2% maintained with feedback controlled flux of dry air or 
water vapor into the protection box, depending on the ambient humidity.  
 
Fig. 2.4 (a) A photo of the CSM ball-on-disk tribometer; (b) a schematic 
drawing of the rotational sliding configuration of the ball-on-disk tribometer. 
After the tribo-tests, the morphology of the worn surfaces of the 
composites and of the balls were observed using light microscopy and 
scanning electron microscopy (SEM, Philips XL-30 FEG ESEM). For SEM 
observations, a thin Au layer was applied on the surface of the Epomet-PTFE 
composites, Al2O3 and Si3N4 balls to avoid charging. Energy dispersive 
spectroscopy (EDS) was used to analyze the elemental composition on the 
worn surfaces. Confocal microscopy (Nanofocus µSurf) was used to measure 
the surface profile of the worn surfaces of the composites and the balls, for the 
assessment of the wear volume by a Matlab code with an error of ±5% for 
most cases and of ±30% for the balls having an average wear depth less than 
1.5 µm.  
XPS was performed to investigate the elemental composition and 
possible chemical bonding on the worn surfaces of the balls, using a Surface 
Science SSX-100 ESCA instrument with a monochromatic Al Kα X-ray source 





chamber was kept below 2 × 10−9 mbar. The diameter of the analyzed area 
was 600 μm. Freshly prepared samples were used for all the measurements.  
Other characterization techniques, including Raman, FT-IR, XRD, DSC 
and contact angle goniometer, were used in some chapters. The details of 
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Fibers Filled Phenolic Composites* 
In this chapter, the tribological experiments on phenol-formaldehyde 
composite reinforced with PTFE and glass fibers (phenolic composite liner) 
were performed against 100Cr6 steel and TiC/a-C:H thin film coated 
100Cr6 steel. In both cases the coefficient of friction increases with 
increasing sliding distance until a steady-state value (≈0.116) is reached. 
The wear rates of the phenolic composite liner are quite close when sliding 
against the TiC/a-C:H coated honing ball and the uncoated ball, although 
a slightly lower wear rate is measured in the former case. PTFE transfer 
films are evident on the surfaces of the hard counterparts. The average 
thickness of the transfer film on TiC/a-C:H coated surfaces is about 3.8 
nm. On the surface of uncoated steel honing ball, a continuous but non-
uniform transfer film of around 13.9 nm average thickness was found. 
                                                        
This chapter has been published in the following journal: 
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As briefly mentioned in chapter 1, the current design of soft sliding 
bearings consists of a steel outer ring/plate covered with a liner of 
polytetrafluoroethylene (PTFE)-containing composite and an inner steel 
shaft. These lubrication- and maintenance-free soft sliding bearings were 
originally developed for outdoor applications. They are primarily used to 
accommodate slow rotational oscillation or reciprocating movements 
under heavy loads. These bearings are self-lubricating attributed to the 
formation of PTFE transfer films on the contact surface of the counterpart. 
PTFE exhibits an ultra-low coefficient of friction, which is related to 
the smooth profile of rigid rod-like PTFE molecules and easy shear of 
PTFE lamellae. It is known that, due to the low cohesive energy of PTFE 
and easy sliding motion between thin slices in the band-like crystalline 
region, the transfer of PTFE to the surfaces of the counterparts plays an 
important role in the wear process. Its poor mechanical strength, excessive 
viscoelastic deformation and high wear rate can be modified by adding 
reinforcing fibers or fillers [1, 2]. The tribological performance of PTFE 
reinforced composites is determined by the composition and mechanical 
properties of the composite, and formation mechanism of PTFE transfer 
film [3]. Considerable work has been done on improving the tribological 
performance of PTFE reinforced composites sliding against steel, whilst 
most of them focusing on the optimization of polymer matrix and 
additives [1, 2, 4 ]. It has also been reported that the tribological 
performance of polymer/steel sliding couples can be further improved by 
surface treatment of the steel part. 
During the past decades, the properties of diamond-like carbon (DLC) 
based coatings have been tailored by controlling their deposition process 
and providing promises for a wide range of tribological applications. 
Under unlubricated sliding against hard materials like metals or ceramics, 
they protect their counterparts from excessive wear by building up 
graphite-like layers on the surfaces of the counterparts under high contact 
pressure [5], and reduce stick-slip phenomenon due to their low adhesion 
[6]. 
Our previous research in MK group has made breakthroughs in the 
design, production and characterization of DLC-based nanocomposite 
coatings on various substrates, with ultra-low friction and wear rate [7-10]. 
Since both PTFE reinforced composite and DLC coating show self-




lubrication effects, it is tempting to investigate the tribological 
performance of a PTFE reinforced composite/DLC sliding couple. Up to 
now little work on this topic has been published. Zsidai et al. [11] found 
that in the case of Si doped diamond-like nanocomposite (DLN) sliding 
against PETP/PTFE reinforced composite at high sliding speed, the 
tribological behavior was mainly dominated by adhesion. Yang et al. [12] 
found that PTFE was transferred to the DLC surface, and roughly 
estimated the average transfer film thickness to be less than 1 nm after the 
first 10 passes by resonant nuclear reaction analysis. 
In this chapter, we present a systematic study on the friction and wear 
behavior of PTFE reinforced composite liner sliding against steel and 
TiC/a-C:H nanocomposite coated steel. Tribo-tests were performed using 
a ball-on-disc configuration under normal load of 60 N, which simulated 
the situation of high-load applications of soft sliding bearings. Specially 
woven composite liner and optimized TiC/a-C:H nanocomposite coating 
were used, aiming at minimizing the wear rate of the PTFE composite liner. 
Wear of both the soft composite liner and the hard counterpart was 
evaluated by scanning electron microscopy (SEM) to understand the wear 
mechanism and the effect of the coating. The thickness of the transfer film 
was measured with an atomic force microscope (AFM). It will be shown 
that the results obtained contribute to the further improvement of soft 
sliding bearings. 
3.2 Experimental 
3.2.1 PTFE and glass fibers reinforced phenolic composite liner 
The phenolic composite liner (PTFE filled composite liner), supplied by 
SKF at Nieuwegein the Netherlands, was 0.28 mm thick and consisted of 
phenol-formaldehyde resol resin matrix, PTFE fiber and E-glass fiber 
bundles that were woven into a certain pattern (N.D.A. signed). The PTFE 
reinforced composite is referred thereafter in the text as the ‘composite 
liner’. Each PTFE bundle contains around 30 filaments of diameter about 
20 µm. The Young’s modulus of the composite liner is about 3-4 GPa. The 
liner was cured onto 5 mm thick steel backing disks (as shown in Fig. 3.1b). 
The content of glass fibers gradually increases from the top surface to the 
bottom surface (steel side) of the liner. The composite liner samples were 







Fig. 3.1 (a) A sketch showing the ball-on-disk configuration of tribotests with 
the honing pattern schematically indicated on the counterpart ball, (b) the 
composite liner adhered on ø30 mm steel backing disk and (c) ø13 mm 100Cr6 
steel counterpart ball partly coated with TiC/a-C:H coating. 
3.2.2 Sliding counterparts 
Two types of counterparts were used in the tribo-tests: ø13 mm 100Cr6 
bearing steel honing balls and TiC/a-C:H nanocomposite coated 100Cr6 
bearing steel honing balls (as shown in Fig. 3.1c). The surface roughness 
(Ra) of these steel honing balls is around 170 nm (60 µm cutoff, 705×728 
µm image size), as measured with a confocal microscope. Honing pattern 
(grooves of near 1 µm depth with about 45° and 135° to the sliding 
direction as schematically indicated in Fig. 3.1a) was intentionally made by 
mechanical finishing on the surface of the steel honing balls. As can be 
seen in Fig. 2a and 2c, after being clamped into the ball holder, the angle 
of the grooves to the sliding direction is fixed. 100Cr6 steel has a hardness 
of 60-62 HRC (≈2.3 GPa) and Young’s modulus 210 GPa. 
TiC/a-C:H nanocomposite coating was deposited on the 100Cr6 steel 
honing balls, which were ultrasonically cleaned with acetone and rinsed 
with ethanol, and further Ar-plasma etched before deposition. The coating 
was deposited by reactive magnetron sputtering, the details of which are 
presented in Chapter 2. Properties of the nanocomposite can be found in 
our previous publications [8,9,13, 14]. The thickness of the coating and the 
intermediate layer was measured to be 1.1 µm and 0.3 µm, respectively. 
The surface roughness (Ra) of the honing patterned steel honing balls with 




TiC/a-C:H coating is around 166 nm. The hardness and modulus of the 
coating are estimated to be 15 GPa and 140 GPa, respectively. 
Using Dataphysics OCA-15 Goniometer, the advancing contact angles 
of both the 100Cr6 steel and TiC/a-C:H nanocomposite coating were 
measured with three liquids: water, formamide and diiodomethane. Based 
on the measured advancing contact angles, the surface tensions were 
calculated according to Owens-Wendt approach [15], the value of which is 
the same as surface free energy (SFE). 
3.2.3 Tribological tests 
Systematic study of the friction and wear behavior of the composite liner 
against the steel honing ball and TiC/a-C:H thin film coated honing ball 
was carried out using a ball-on-disk tribometer under dry sliding condition, 
as illustrated in Fig. 3.2a. During sliding, the ball stayed still. The normal 
load used was 60 N and sliding velocity was 20 mm/s. All the tests were 
performed at room temperature (22 ± 2°C) and a relative humidity of 35 ± 
2% maintained with feedback controlled flux of dry air or water vapor into 
the protection box. The initial maximum Hertzian contact pressure was 
near 162 MPa with a contact area of 0.56 mm2, provided that the Young’s 
modulus of the composite liner is 3.5 GPa. The sliding distances were 
varied from 200 m to 1000 m. Before the tribo-tests, only the counterpart 
balls were cleaned with acetone and dried with clean compressed air.  
After the tribo-tests, the morphology of the wear tracks of the 
composite liner and the wear scars of the hard counterparts were observed 
using optical microscopy and SEM (Philips XL-30 ESEM). Confocal 
microscopy (Nanofocus µSurf) was used to measure the surface profile of 
the wear tracks and the wear scars, for the assessment of the wear volume 
by a Matlab code with a margin of error of ±3% (the details of the code and 
calculation is seen in Appendix 1). For the calculation of the wear volume 
of the composite liner, only the samples without any interruption during 
sliding were measured, and the average values were obtained with at least 
two tests for each sliding distance. Energy dispersive spectroscopy (EDS) 
was adopted to analyze the elemental composition of the worn surfaces. 
The thickness of PTFE transfer films was measured using a combination of 
mechanical scraping and AFM (Veeco Dimension 3100) techniques. After 
a scratch was made with a sharp and thin razor blade, the height profiles 
in AFM were used to examine the thickness of the transfer films 





3.3 Results and discussion  
3.3.1 Friction and wear 
Typical coefficient of friction curves of the composite liner sliding against 
the uncoated 100Cr6 steel honing ball and the TiC/a-C:H nanocomposite 
film coated ball, respectively, are shown in Fig. 3.2a. The coefficient of 
friction increases with increasing sliding distance until a steady-state 
coefficient of friction is reached at around 600 m. The steady-state values 
of the coefficient of friction are similar (≈0.115) and low. It is clear that 
applying a thin TiC/a-C:H nanocomposite coating on steel honing ball, 
which may significantly lower the coefficient of friction in hard-to-hard 
contact sliding [16], has only a little effect on reducing the coefficient of 
friction in the case of soft sliding bearings involving PTFE. It is attributed 
to the excellent lubrication property of PTFE that dominates the frictional 
behavior of the composite liner sliding against both counterparts. A 
gradual increase of coefficient of friction before the steady-state is 
observed in both tests. This increase is attributed to the gradual increase 
of the contact area, due to the following two reasons: (1) viscoelastic 
deformation of the PTFE composite liner and (2) the gradual wear of the 
PTFE composite liner and the counterparts. It is noteworthy that, in the 
initial stage, the increase of the coefficient of friction is slower when 
sliding against the TiC/a-C:H coated balls. It is attributed to the self-
lubrication function of the TiC/a-C:H coating itself, which may play a role 
before the full coverage of PTFE transfer film formed on the contact area 
of the coating.  
As illustrated in Fig. 3.2b, the wear rates (wear 
volume/(load×distance)) of the composite liner show a fairly wide spread, 
which is due to the inhomogeneity of the fill bundles reinforced 
composites. When sliding against the uncoated steel honing balls, the 
average wear rate of the composite liner is about 2.72×10-14 m3/Nm, 30 
times lower than that of pure PTFE (the value measured in our tribo-test is 
about 6.7×10-13 m3/Nm). This improvement reflects the good tribological 
property of the composite liner made of inexpensive and easily accessible 
materials. When sliding against the TiC/a-C:H coated balls, its average 
wear rate is slightly reduced to around 2.36×10-14 m3/Nm. The average 
wear depth of the composite liner in the wear track of ø22 mm diameter 
after sliding 1000 m against the uncoated and the TiC/a-C:H coated balls 
are 41.8 and 36.6 µm, respectively. It is noteworthy that the increase of 
wear volume of the phenolic composite after the first 400 m sliding is 




relatively faster than in the first 400 m, as shown in Fig. A.2 (in the 
Appendix 2). The accelerated wear the phenolic composite liner is 
detrimental to the service life of the composite liner in dry sliding bearings. 
Moreover, the wear rate of the phenolic composite liner lie in the medium-
to-poor region and its wear volume after only 5 m (mainly plastic 
deformation) is as high as 2.38×10-10 m3, which is probably attributed to 
the inhomogeneity and poor mechanical properties of the fiber bundles 


























Fig. 3.2 (a) Coefficient of friction and (b) wear volume of the composite liner 
sliding against ø13 mm 100Cr6 steel honing ball and TiC/a-C:H coated ball, 
respectively, under 60 N normal load, 20 mm/s sliding speed, 22±2 °C and 35% 
±2% relative humidity.  
3.3.2 Characterization of wear morphology 
Wear tracks 











 uncoated steel ball
 TiC/a-C:H coated ball





Figure 3.3a shows the original surface morphology of the composite liner 
containing PTFE and glass fiber bundles. A wear track formed after sliding 
700 m against uncoated steel honing ball is shown in Fig. 3.3b, with a 
width of 1.38 mm. In the wear track, concentric scratches (due to the 
rotational sliding) and smeared PTFE fiber bundles are observed, implying 
heavy plough and considerable wear of the composite liner. In the wear 
track sliding 700 m against the TiC/a-C:H coated honing ball (Fig. 3.3c), 
inclined parallel lines resembling the original surface and distinguishable 
PTFE fiber bundles indicate less wear of the liner than the former case, in 
particular the phenolic resin matrix. In both cases, some micro-cracks in 
the resin matrix are observed in the wear track and some fractured resin 
lumps are also found in few locations. Such micro-cracks and fractured 
resin lumps cannot be found on the virgin surface of the composite liner, 
likely indicating the fatigue wear of the resin under repetitive sliding. It 
should be noted in all the tests, after the composite liner sliding against 
the TiC/a-C:H coated honing ball for 1000 m, the wear track morphology 
became alike the one shown in Fig. 3.3b. This is also an indication of the 
occurrence of fatigue wear in this case. 
Fig. 3.4 shows the wear evolution of the PTFE fiber bundle in the wear 
track sliding against uncoated steel honing ball. The same location was 
traced at each interruption by locating the selected micro-feature marks 
on the surface of the composite liner to the same pixels of successive 
micrographs. As revealed in Fig. 3.4b, the surface of the PTFE fiber bundle 
was flattened after sliding for 200 m, indicating a gradual polishing of 
PTFE fibers. After sliding for 700 m, the PTFE fiber bundle was severely 
deformed and smeared, and the fibers are hardly distinguishable in Fig. 
3.4c. The PTFE fiber bundle was worn off after sliding for 1000 m. Instead 
of the distinctive color difference shown in Fig. 3.4a-c, Fig. 3.4d was 
mostly filled with greenish blue color. The smeared PTFE bundle shows a 
similar color in the Fig. 3.4b and 3.4c, implying a high coverage of PTFE-
containing third-body after sliding for 1000 m. The tracing of the wear 
evolution of the glass fiber bundles was also performed (not shown here). 
After sliding for 1000 m, some glass fiber bundles are also found to be 
worn off. The fragmentation and fracturing of the glass fibers were 
observed, which will be revealed more clearly in SEM micrographs. 







Fig. 3.3 Optical image of the composite liner (a) and wear track (b) formed at 
the same location after sliding 700 m against uncoated steel honing ball; (c) 
wear track formed after sliding 700 m against TiC/a-C:H coated steel honing 
ball (under 60 N normal load and 20 mm/s sliding speed). The relative sliding 
direction of the still counterparts is indicated by the arrows. A PTFE fiber bundle 







Fig. 3.4 Optical micrographs taken at the same location revealing the wear 
evolution of a PTFE fiber bundle indicated with open arrows in the wear track 
sliding against an uncoated steel honing ball under 60 N normal load and 20 
mm/s speed for sliding distance of (a) 0 m, (b) 200 m, (c) 700 m and (d) 1000 m. 
The relative sliding direction of the still ball is shown in (b) with an arrow, which 
is the same for (c) and (d). 
The worn PTFE fibers were also investigated with SEM to understand 
its wear process on a micro-scale. In Fig. 3.5a and Fig. 3.5c, bright dashed-
line-like micro-fibrils are observed on the worn surface of the PTFE fiber, 
which are also found on the surface of the virgin PTFE fibers. We 
anticipate that the “dashed lines” around 0.2 µm wide may represent the 
crystalline PTFE, while the rest part may denote the amorphous PTFE. 
The micro-fibrils in some parts of PTFE were deformed and smeared so 
that they were reoriented into the sliding direction, while in other less 
deformed parts of a PTFE fiber the micro-fibrils still kept their direction 
parallel to the PTFE fiber. This sliding-induced reorientation phenomenon 
agrees with Makinson and Tabor’s finding via electron diffraction 




technique that the long PTFE molecular chains are oriented parallel to the 
sliding direction [17]. 
  
  
Fig. 3.5 SEM micrographs of (a, c) worn PTFE fiber bundle containing a large 
amount of bright dashed-line-like micro-fibrils and (b, d) glass fiber bundle in 
the wear track of the composite liner, sliding for 700 m against (a, b) an 
uncoated steel honing ball and (c, d) an TiC/a-C:H coated honing ball under 60 
N normal load and 20 mm/s sliding speed. The relative sliding direction of the 
balls in all 4 images is shown in (a) with an arrow. 
Although fewer glass fiber bundles than PTFE fiber bundles (around 
1/20 ratio) are exposed in the wear track, they are responsible for the 
improved load-bearing capacity and wear resistance. When sliding against 
the uncoated steel and TiC/a-C:H coating counterpart, as shown in Fig. 
3.5b and Fig. 3.5d, these glass fibers were de-bonded, fractured, pulled out 
and fragmented during the repetitive sliding under high contact stress. 
The main wear mechanism is considered as the fracturing and 
fragmentation, due to the intrinsic brittleness of the glass fibers. De-





glass fibers and phenolic resin matrix [18]. Most glass fibers in the wear 
track were covered by the third-body, while a few newly ruptured glass 
fibers were not covered yet, revealing the glass fibers underneath. These 
ruptured glass fibers were then fragmented and gradually covered by the 
third-body. The glass fiber fragments were collected at the interface and 
embedded into the softer phases or the third-body. With increasing the 
sliding distance, the glass fiber fragments in the third-body became 
shorter and some even became fine glass particles.  
For a better understanding of the wear process, EDS elemental 
mapping was performed to reveal the mix of the soft composite 
components and the formation of the third body in the wear tracks. Before 
sliding, element F should only exist in the PTFE fiber and glass fiber 
bundles (E-glass fiber contains ≈1 mol.% F). At first sight of Fig. 3.6a, 
element F is found in almost the whole wear track sliding against the 
uncoated steel honing ball. The smearing of PTFE fibers, PTFE-containing 
third-body in the wear track and back transferring of PTFE are responsible 
for this result. In the close-up view of the middle part of the wear track 
(Fig. 3.6b) it is found that the third-body was a mixture of fractured 
phenolic resin, PTFE and fragmented glass fibers. In the wear track sliding 
against the TiC/a-C:H coated honing ball(Fig. 3.6d), bundle-like F 
domains and less F coverage indicate fewer third-body in the wear track 
and less smearing of the PTFE bundles. It is found that there was less 
homogeneously mixed third-body in the wear track sliding against the 
TiC/a-C:H coated honing ball at the same sliding distance (Fig. 3.6e). 
However, in both cases, fractured resin, fragmented glass fibers, and even 
particles are found, which reinforced the third-body and improved the 
wear resistance. After sliding for 1000 m, most of the wear track in both 
cases, especially the middle part, was covered by homogeneously mixed 
third-body, as a consequence of fatigue wear. Thus, the actual sliding took 
place between the third-body and the transfer film, which were pushed out 
and became wear debris during sliding. 
In the composite liner, PTFE fibers contribute to the reduction of 
friction, while the glass fibers play a very important role in decreasing the 
wear rate of the composite liner. With gradually approaching the glass-
fiber-rich region, their role becomes more and more prominent. Firstly, 
the glass fibers reinforce the composite by increasing its hardness and 
stiffness. Viscoelastic deformation of the PTFE and resin is also attenuated. 







Fig. 3.6 EDS elemental mapping: (a, d) overview of a wear track with F 
distribution in blue and (b, e) the middle part of the wear track of the composite 
liner sliding for 700 m against (a, b) the uncoated steel honing ball and (d, e) the 
TiC/a-C:H coated steel honing ball under 60 N normal load and 20 mm/s 






Secondly, although the glass fibers were initially in the form of bundles, 
the fractured glass fibers become more homogeneously mixed with the 
PTFE and resin through the formation of the third-body. The well-mixed 
third-body can be considered as the actual surface of the composite liner 
in the wear track, which contributes to a stable sliding condition and the 
low coefficient of friction and wear rate of the composite liner. Moreover, 
the abrasive glass fibers and particles are thought to increase the 
coefficient of friction and cause considerable wear on the counterparts, 
especially the relative softer steel surface (softer than the TiC/a-C:H 
coating). Therefore, there is a trade-off between the low coefficient of 
friction and the low wear rate of the composite, which requires an 
optimum content of the glass fibers. 
According to the SEM and EDS observations, the wear mechanism of 
the composite liner is considered as 1) firstly the smearing and 
transferring of PTFE; 2) then de-bonding and fragmentation of glass fibers 
as well as PTFE fibers, 3) followed by cracking and fracture of resin matrix; 
4) eventually generation of considerable wear debris and third-body that 
consists of smeared PTFE and short glass fiber fragments, fine glass 
particles, and fractured resin. The actual sliding mostly took place between 
the third-body and the transfer film after sliding for 1000 m. 
Wear scars 
Besides the wear tracks, detailed examination of wear scars of the hard 
counterparts also helps to understand the wear mechanism. As shown in 
Fig. 3.7, the long diameter (perpendicular to the sliding direction) of the 
wear scars of the uncoated and the TiC/a-C:H coated balls were measured 
to be around 1.4 mm and 1.2 mm, respectively, in good agreement with the 
width of the corresponding wear tracks. Evident wear of the uncoated steel 
honing ball was observed (Fig. 3.7a), with rough scratches parallel to the 
sliding direction. The parallel scratches, with the height of ridges up to 2 
µm, were caused by the abrasion of stiff glass fibers. The rough scratches 
are in accordance with the concentric scratches in the corresponding wear 
track. On the TiC/a-C:H coated surface (Fig. 3.7b), no significant wear but 
slight smoothening of the surface was found. Confocal images of the wear 
scars were taken before and after tribo-tests as well for the calculation of 
the wear rate. The estimated wear rate of the steel honing ball is around 
10-17 m3/Nm, while that of the TiC/a-C:H coating is negligible. 





Fig. 3.7 Confocal micrographs showing the overview of the wear scar of (a) the 
uncoated steel honing ball and (b) the TiC/a-C:H coated honing ball after sliding 
700 m under 60 N normal load and 20 mm/s sliding speed. 
A micro-scale comparison of the hard counterparts before and after 
sliding against the PTFE composite liner was carried out. As shown in Fig. 
3.8, the honing pattern on the steel honing ball were worn off, which 
occurred after sliding distance less than 200 m. Scattered polymer flakes 
adhering on the wear scar of the steel honing ball are observed (a typical 
flake is indicated by a circle in Fig. 3.8b). On the wear scar of the TiC/a-
C:H coated ball, no visible polymer is found under low magnification (Fig. 
3.12b), whilst a slight contrast in the flat area is observed under high 
magnification (Fig. 3.12c), implying that the TiC/a-C:H coating is less 
adhesive to PTFE and phenolic resin. Apart from few cracking and flaking-
off of the coating on the edge of the grooves, slight smoothening of the 
coating surface and polymer films sitting in the deep grooves are observed. 
Although the few cracking were observed after sliding 700 m, macro-scale 
delamination of the coating was not observed after sliding 1000 m in any 
of the three tests. It is believed that the honing patterned surface of the 
steel substrate could alleviate the residual stress inside the coating, which 
improves the adhesion between the coating and the steel substrate. The 
highly wear-resistant TiC/a-C:H coating demonstrates its advantage over 
the uncoated steel honing balls. However, it is postulated that the honing 
pattern of the steel substrate results in the existence of many sharp edges 
on the TiC/a-C:H coating surface, which lead to higher abrasive wear of 
the composite liner and higher friction of the soft sliding bearings. It is 





improve the tribo-performance of the TiC/a-C:H coated balls in soft 




Fig. 3.8 SEM micrographs revealing the same area on the wear scar of an 
uncoated steel honing ball (a) before and (b) after, on the wear scar of a TiC/a-
C:H coated steel honing ball (d) before and (e) after, sliding for 700 m under 60 
N and at 20 mm/s sliding speed. A polymer flake is marked in (b) by a circle. (c) 
and (f): the close-up view of the area indicated in (b) and (e), respectively.  




The roughness of the wear scars of the steel honing ball increases 
slightly upon increasing sliding distance, after a rapid drop of roughness 
mainly resulted from wearing off of the honing pattern (Fig. 3.9). The 
surface of the steel honing ball counterparts after sliding for longer than 
500 m becomes rougher than that of the TiC/a-C:H coated balls. The 
higher roughness of the wear scar on the steel honing ball is linked to the 
parallel ridges, which might act as micro-knives to cut the soft composite 
liner (as shown in Fig. 3.7a). Therefore, the higher roughness of the wear 
scar of steel honing ball should be responsible for the higher wear of the 
composite liner.  
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Fig. 3.9 The roughness (cutoff length λc=60 µm, 705×728 µm image size) of the 
wear scar of uncoated steel honing ball and TiC/a-C:H coated ball, plotted 
against sliding distance under 60 N normal load and 20 mm/s sliding speed. 
In short, the wear rate of the steel honing balls is higher than that of 
the TiC/a-C:H coated balls. While rough and parallel scratches are 
observed in the wear scar of the former one, gradual smoothening and few 
coating cracking are found in the wear scar of the latter one. The harder, 
more abrasion resistant and less adhesive TiC/a-C:H coating on the steel 
surface reduces the abrasive and adhesive wear of the composite liner. 
3.3.3 Transfer film 
The formation of a continuous and smooth transfer film is the most crucial 
feature of PTFE reinforced composite liner to reduce friction in dry sliding. 
The elemental composition results from EDS are shown in Table 3.1. After 
sliding against the composite liner, the increased content of the elements C 





formation of transfer film on the wear scar. The increased content of 
element O may be associated with the existence of phenolic resin in the 
transfer film. As to the TiC/a-C:H coated ball, EDS measurements in the 
flat areas of the wear scar were carried out, to eliminate the interference of 
polymers accumulated in the deep grooves of the honing pattern. The 
signal of F was weak using 15 kV voltage, but a sharp F peak was obtained 
when using 1.5 kV acceleration voltage of electron beam that suits better to 
the Kα energy of fluorine atoms. Small amount of F and O elements found 
in the flat areas may imply that either the coverage of the transfer film was 
quite low or the transfer film was very thin considering the normal 
detection depth of EDS as 0.3-5 µm. The much higher F and O contents 
when collecting in larger area indicates that most polymers were 
accumulated in the deep grooves. 
Table 3.1. Elemental composition of various surfaces measured with EDS at 15 
kV voltage. 
Surface 
Content of elements (at.%) 
C F Fe Ti O 
as-received 100Cr6 4.6 - 88.3 - 4.4 
TiC/a-C:H coating 57.9 - 1.3 32.8 2.5 
wear scar of 100Cr6 6.4 12.9 69.7 - 8.7 
wear scar of TiC/a-C:H 56.0 5.4 1.4 31.2 3.7 
flat area on TiC/a-C:H 59.6 0.2 1.5 32.3 0.8 
Further confirmation was in accordance with contact angle 
measurement. While the static water contact angle was measured to be 
69.2° and 86.1° on the original steel and TiC/a-C:H coating surfaces, 
respectively, the values increased to 109.3° and 108.1° after sliding against 
the composite liner. The water contact angle of PTFE and phenolic resin 
was reported to be around 104-116° [ 19 , 20 ] and 60-80° [ 21 , 22 ], 
respectively. Therefore, it is anticipated that both wear scars were covered 
with transfer films that consisted mainly of PTFE, while the thick polymer 
flakes on the wear scar of the uncoated steel honing ball were likely 
phenolic resin. It is tacitly assumed that the much harder phenolic resin is 
less prone to be severely deformed and sheared into very thin transfer film. 
Some thick flakes of the phenolic resin may adhere onto the wear scar of 
uncoated steel honing balls, which could correspond to the dark and thick 
polymer flake shown in Fig. 10c. However, these thick polymer flakes can 
more easily be pushed out during sliding than the continuous and thin film. 
In contrast, no thick polymer flakes were found on the wear scar of the 




TiC/a-C:H coating, consistent to the lower work of adhesion between the 
TiC/a-C:H coating and phenolic resin.  
The thickness of the PTFE-containing transfer films on various 
counterparts has been reported to be within a wide range (1-1000 nm 
thick), due to different counterparts, experimental conditions and analysis 
methods. The thickness of the transfer films was measured with AFM on 
scratches made with a thin and flexible razor blade. As illustrated in Fig. 
3.10, the scratches were evident on the wear scar, indicated by the 
different contrasts in the SEM micrograph (Fig. 3.10a). By comparing the 
contrast difference and height profile obtained from AFM (Fig. 3.10a-b), it 
was possible to locate the scratched areas and measure the transfer film 
thickness. Two very reasonable assumptions needed to be made in this 
method: (1) the steel and TiC/a-C:H coating were not ploughed by the 
razor blade, due to its comparable hardness and the gentle scratching 
force used; (2) the transfer films could be easily scratched away with the 
razor blade owing to its low hardness and the nature of van der Waals 
bonding between PTFE transfer film and metallic counter-faces [23].  
On the wear scar of the TiC/a-C:H coated ball, a very thin and quite 
uniform transfer film was measured. As can be seen in Fig. 3.10b and 3.10c, 
the thickness of the transfer film varied in different places of the coating 
surface. To have a valid result, three different scratched areas were 
measured, with 5 profiles taken from each area. The thickness was most 
measured in the range of 2-6 nm as shown in Fig. A.4a (in Appendix 2) 
and the average value was 3.8 nm. On the wear scar of uncoated steel 
honing ball, the transfer film thickness was a bit difficult to measure, due 
to the considerably rougher worn surface itself. Therefore, more 
measurements were made on this sample to reach a reliable conclusion. As 
shown in the histogram (Fig. A.4b, in Appendix 2), the thickness of the 
transfer film was measured in the range of 3 to 30 nm, while a few larger 
values (up to ≈90 nm) were measured as well. The average value was 13.9 
nm. As observed in the SEM images in Fig. 10b and 10c, the large variation 
in the measured thickness of PTFE-containing transfer films on uncoated 
steel counterparts may be related to the non-uniform distribution of the 
transfer film. This result is consistent with the observed polymer flakes on 
the wear scar of uncoated steel honing balls, while hardly any polymer 























Fig. 3.10 (a) SEM and (b) AFM micrographs of the area partly scratched with a 
razor blade on the wear scar of the TiC/a-C:H coated honing ball(sliding for 700 
m, under 60 N normal load and 20 mm/s speed). (c) The height profile of the line 
marked in (b), with the average thickness of the transfer film indicated by the 
arrow. 
 




The thicker transfer film on the worn steel surface is likely associated 
with the stronger adhesion between the sliding couple. From the 
definitions of interface and surface energy, the work of adhesion (Wadh) 
between two substances can be estimated based on the following equation 
[21] (the derivation is in Appendix 3 ): 
ppddtotaltotaladhW 21211221 22 γγγγγγγ +=−+=      (1) 
where γ1, γ2 and γ12 denote the surface free energy and interface energy of 
substance 1 and 2, respectively (assuming that the free surfaces are 
unreconstructed). Total, d, and p refer to the total surface tension, 
dispersive component, and polar component, respectively. The measured 
surface energy and the work of adhesion between the concerned solid 
phases are listed in Table 3.2. The surface free energy values of PTFE, 
phenolic resin and glass fibers are adopted from [15, 24]. As shown in 
Table 3.2, the work of adhesion between the steel and the resin (89.2 
mJ/m²) is significantly higher than that between the TiC/a-C:H coating 
and the resin (77.5 mJ/m²). In contact to PTFE, the work of adhesion is 
also higher in the case of uncoated steel counterpart (57.0 mJ/m²) than 
that of the TiC/a-C:H coated honing ball(52.9 mJ/m²). A larger value of 
the work of adhesion indicates stronger adhesion between two solid 
phases [25] and more energy needed to separate the adhered phases. As a 
result, sliding friction increases. At the initial sliding stage when the hard 
counterparts are not fully covered by the transfer film, the larger 
coefficient of friction between the steel surface and the composite liner is 
partly attributed to its larger adhesive forces. The higher surface free 
energy of steel surface leads to the larger interfacial interaction between 
the steel honing ball and the PTFE composite liner. To minimize surface 
free energy in a contact, PTFE with lower surface free energy tends to 
transfer onto the counterparts of higher surface free energy [26]. When 
reaching the steady-state stage, the similar coefficients of friction 
measured in sliding against the steel honing ball and TiC/a-C:H coated 
honing ball are ascribed to the actual sliding between composite liner and 
the transfer film completely covering the wear scar of the hard 
counterparts. Although in some cases a larger adhesive force could give 
rise to a higher adhesive wear, its influence on the wear of the composite 
liner is not clear since a layer of transfer film covering the hard asperities 





covering effect of the transfer film is quite complex, which is beyond the 
scope of this work (see also [27, 28]). 
Table 3.2. Calculated surface and interface energy, and work of adhesion 























100Cr6 steel 58.3 33.5 24.8 20.4 8.4 57.0 89.2 
TiC/a-C:H 38.2 33.5 4.7 3.8 0.008 52.9 77.5 
PTFE [15] 19.1 18.6 0.5 0 4.7 38.2 53.7 
phenolic resin 
[24] 
39.3 34.5 4.8 4.7 0 53.7 78.6 
3.4 Conclusions 
The tribo-performance of the phenolic composite liner against the 100Cr6 
steel honing ball and the TiC/a-C:H coated honing ball has been 
investigated. The coefficient of friction increases with increasing sliding 
distance until a steady-state value is reached. The wear rate of the 
composite liner is comparable (slightly lower) with the deposition of a thin 
TiC/a-C:H coating on steel surface and the steady-state coefficient of 
friction is also similar to that of the uncoated steel. The wear mechanism 
of the composite liner and the formation of transfer film are studied with 
optical microscopy, SEM, EDS and AFM. It can be concluded that: 
(i) The wear rate of the phenolic composite liner is as high as 2.3-
2.8×10-14 m3/Nm, under 60N load and 20 mm/s speed. The accelerated 
wear and wear morphology suggests that the main wear type of the 
phenolic composite liner is fatigue wear. 
 (ii) The wear mechanism of the composite liner is a combination of 
smearing and transferring of PTFE, de-bonding and fragmentation of glass 
fibers, and cracking and fracturing of resin matrix, and generating wear 
debris and third-body that consists of smeared PTFE and glass fiber 
fragments and fractured resin. The actual sliding mostly takes place 
between the more homogeneously mixed third-body and PTFE-containing 
transfer film at the steady state. 
 (iii) Transfer films are found on both uncoated and TiC/a-C:H coated 
counterparts. The average thickness of the quite uniform transfer film is 
about 3.8 nm on the wear scar of the TiC/a-C:H coated ball. On the wear 




scar of uncoated steel honing balls, a continuous but non-uniform transfer 
film of around 13.9 nm average thickness was found, due to the stronger 
adhesion and the existence of thick and scattered polymer flakes.  
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Particulate Epoxy Composites* 
In this chapter, the tribological performance of three different types of 
PTFE filled SiO2 particles-epoxy composites is investigated. Regarding the 
Epomet-PTFE composites, under a load of 60 N, the optimum content of 
PTFE lies between 10 and 15 wt.%, which yields a low coefficient of friction 
(CoF, 0.095) in conjunction with a low wear rate (8.4×10-7 mm3/Nm) of 
the composite when dry sliding against bearing steel balls within 1000 m. 
After 2000 m, eventually the gradual accumulation of the fractured SiO2 
particles and back-transferred steel on the worn composite surface leads 
to a significant increase of CoF, implying that the composite (48-63 wt.% 
SiO2) is too hard and abrasive. At a lower concentration and with smaller 
sizes of the glass fillers, other two PTFE/epoxy composites show less 
abrasive wear to the steel counterpart, and hold a stable and low CoF and a 
low wear rate for more than 10000 m sliding distance. 
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In Chapter 3, it was found that the phenolic composite liner has a fairly 
weak mechanical properties and an inhomogeneous distribution of fillers. 
Hence, considerable fatigue wear was measured after 1000 m sliding 
distance under 60 N load and 20 mm/s speed. It is our motivation to 
produce self-lubricating particulates composite with a good mechanical 
property and homogeneous distribution of fillers. 
The choice of designing the composites is as follows. PTFE is one of 
the most commonly used solid lubricants, which exhibits an ultra-low 
coefficient of friction (CoF) due to the smooth profile of rigid rod-like 
PTFE molecules and easy shear of PTFE lamellae. Its poor mechanical 
strength, excessive viscoelastic deformation and high wear rate hamper its 
use as lubricant component of composite tribo-materials [1, 2]. Epoxy is a 
commonly available thermoset polymer after curing, which has a high 
mechanical strength and thermal and chemical resistance as the binding 
phase of polymer-based composites. In addition, fine epoxy powders 
facilitate the production of well-mixed composites. As a kind of 
reinforcement, fairly cheap and available SiO2 particles possess a high 
hardness and compressive strength (≈1 GPa). Raju et al. [3] found that the 
addition of 10 wt.% SiO2 could evidently enhance the mechanical 
properties and the abrasive wear resistance of a glass fiber reinforced 
epoxy composite.  
Although considerable work has been done on improving the 
tribological performance of PTFE filled composites, most of them focus on 
the effect of nano-particle reinforcements [4-9]. Other research on the 
tribological performance of micro-size reinforcements mainly covers the 
loading range between 0 and 25 wt.% [10,11]. Since the wear resistance is 
to a certain extent related to the hardness of the materials [12], polymer 
composites filled with higher concentrations of hard reinforcements could 
yield low wear rates, as was shown by Friedrich et al. [13] and Sawyer et al. 
[14]. 
In this work, epoxy-based composites filled with PTFE and 48-63 wt.% 
SiO2 particles are produced. The influence of different PTFE contents in 
the composites on the tribo-performance is studied in order to find the 
optimum PTFE content and the wear mechanism is revealed. This study 
contributes to a better understanding of the formation of the third-body 
tribolayer on the worn composite surface, especially on SiO2 particles, and 




its influence on the tribological performance of the composite. An 
additional aim of this study is to reveal the load-bearing capacity of the 
composite, which benefits the optimization of the design of self-lubricating 
composite liners.  
4.2 Experimental 
4.2.1 PTFE/SiO2/epoxy composite 
The epoxy- and SiO2-containing powder, Epomet F, was purchased from 
Buehler GmbH. The PTFE powder, Zonyl MP 1000 fluoro-additive from 
DuPont, comprises of loose agglomerates with sizes up to 150 µm (the size 
of the primary particles is about 12 µm). The detailed production process 
is discussed in Chapter 2, section 2. 
The PTFE/SiO2/epoxy composite is referred to as “Epomet-PTFE 
composite”, with the content of PTFE ranging from 0 to 30 wt.%. For 
conciseness, the Epomet-PTFE composites are named according to the 
content of PTFE as ‘Epomet-PTFE-xx’, where xx denotes the weight 
percentage of the PTFE powder. The measured Vickers hardness and 
compressive strength of the Epomet-PTFE composites are listed in Table 
4.1. The mechanical properties of the composites are inversely 
proportional to the PTFE content. 
Table 4.1 Mechanical properties of the Epomet-PTFE composites. 
Composites Hardness [HV] Compressive strength [MPa] 
Epomet-PTFE0 90±20 232±6 
Epomet-PTFE7.5 62±14 184±5 
Epomet-PTFE12.5 55±16 146±7 
Epomet-PTFE20 34±9 107±3 
Epomet-PTFE30 20±7 51±4 
4.2.2 Tribological tests 
A systematic study of the friction and wear behavior of the Epomet-PTFE 
composites was carried out using a ball-on-disk tribometer (CSM 
Instruments, Switzerland) under dry sliding conditions. For the details of 
the set-up can be found in Chapter 2, section 4. The counterpart used in 
the tribo-tests was ø13 mm 100Cr6 bearing steel balls. The nominal 
surface roughness (Ra) of these commercial balls is about 52 nm (60 µm 




100Cr6 steel are about 780 HV and 210 GPa, respectively. In a few tests, 
ø13 mm Al2O3 balls (Ra about 54 nm) and TiC/a-C:H coated balls (Ra 
about 52 nm) were used as the counterpart. The TiC/a-C:H 
nanocomposite coating was deposited on the 100Cr6 steel balls, the 
detailed coating process of which can be found in Chapter 2, section 3.  
The normal load used was 60 N (or otherwise specified) and the 
sliding velocity was 20 mm/s. The diameter of the wear track of the 
composites is ø22 mm. For the Epomet-PTFE-15, the initial maximum 
Hertzian contact pressure was near 700 MPa with a contact area of 0.13 
mm2, assuming that its Young’s modulus is around 40 GPa. The sliding 
distance was 1000 m in most tests, while the longest test was set to 20,000 
m sliding distance.  
Confocal microscopy (Nanofocus µSurf) was used to measure the 
profile of the worn surface of the Epomet-PTFE composites and the wear 
scar of the counterpart balls, for the assessment of the wear volume by a 
Matlab code with a margin of error of ±5%. In order to have reliable 
statistics, average wear volume of the Epomet-PTFE composites was 
obtained with at least two tribo-tests, each test yielding four confocal 
microscopy measurements. After the tribo-tests, the morphology of the 
worn surface of the Epomet-PTFE composites and the wear scars of the 
steel counterparts were observed using light microscopy and scanning 
electron microscopy (SEM, Philips XL-30 FEG ESEM) operating at 3.5 kV 
acceleration voltage. Energy dispersive spectroscopy (EDS) was used to 
analyze the elemental composition of the worn surfaces. An Au layer (few 
nm thick) was applied on the surface of the Epomet-PTFE composite to 
avoid charging. To obtain the average elemental composition on the worn 
surface of the composites, at least three EDS area scans were executed in 
the middle of the worn surface with the size of the scanning areas about 
465×350 µm². When studying the third-body tribolayer formed on the 
worn surfaces, at least 8 EDS scans of area ≈2.7×2 µm² were performed on 
the worn SiO2 particles.  
To classify the tribological performance of the Epomet-PTFE 
composites, the results were compared with those of other commercial 
bearing materials. The comparative tribo-tests were carried out under 
identical test conditions as aforementioned, except a lower load (40N) was 
used in these tests to avoid triggering the stop condition of exceeding the 
maximum tangential force of the tribometer. The involved polymer-based 




commercial bearing materials are as follows: TX liner from SKF, Vyncolit 
X620/1 black and CF8131 from Sumitomo Bakelite. 
4.2.3 Estimation of tribo-layer thickness 
Based on the measured weight percentage (wt.%) of each element on the 
SiO2 particles with EDS, the thickness of the PTFE-containing third-body 
tribolayer can be estimated. The reference values of the elemental 
composition of SiO2, PTFE and epoxy are calibrated with the EDS 
quantitative results performed on each individual component. The 
calculation of material composition on the worn SiO2 particles is based on 
the calibrated values. The equations used for the calculation are the 
following: 
%_%_%_ CtotalzCepoxyxCPTFE =×+×    (1) 
%_%_ FtotalxFPTFE =×                                (2) 
%_%_2 SitotalySiSiO =×                                   (3) 
where the terms like PTFE_C% denote the wt.% of C in PTFE measured 
with EDS, x, y and z indicate the wt.% of the PTFE, SiO2 and epoxy, 
respectively on the worn SiO2 particles within the detection depth of EDS. 
The calculated wt.% of the PTFE, SiO2 and epoxy can be further converted 
into volumetric fraction (vol.%), based on their nominal densities. It 
should be noted that Fe_L peak and F peak partly overlap. Therefore, the 
contribution from back transferred Fe is removed before calculating the 
PTFE content on the worn SiO2 surface and averagely on the worn 
composite surface, according to EDS results obtained at 15 kV. 
4.3 Results and discussion 
4.3.1 Friction and wear  
The CoF curves of the Epomet-PTFE composites are shown in Fig. 4.1. It is 
found that the Epomet-PTFE composites with PTFE content not less than 
10 wt.% exhibit fairly low CoF values (<0.11) within a sliding distance of 
1000 m. In particular in the case of the Epomet-PTFE-12.5, a low CoF 
(≈0.095) with small fluctuations is attained. It is noteworthy that the CoF 
of a pure Epomet sample (without PTFE) rapidly increases from around 
0.3 to a steady-state value of about 0.8 at normal load of 20 N (not shown 
here), which suggests that the little amount of Sb2O3 and carbon black 
gives negligible lubrication to the sliding system. In the case of the 
Epomet-PTFE-7.5, the CoF starts to increase after sliding for 400 m until 
it reaches about 0.3 that triggers the stop condition of the maximum 




are observed after sliding for 650 m. As regards the Epomet-PTFE-10, it is 
found that the average CoF was quite low (<0.1) within the sliding distance 
of 1000 m. However, large fluctuations in CoF are also seen after sliding 
for more than 400 m and a slight increase of the average CoF is observed 
after sliding for 900 m. When the PTFE content is too high (20 wt.% or 
higher), large fluctuations in the CoF curves are also found after sliding for 
600 m. In this work, 10 wt.% PTFE is considered as the lower threshold, 
below of which a low CoF value within the sliding distance of 1000 m 
cannot be reached.  
 
Fig. 4.1 CoF curves of the Epomet-PTFE composites with various PTFE contents, 
sliding against ø13 mm 100Cr6 steel counterpart ball at 60 N normal load and 
20 mm/s speed. 
The wear rate of the Epomet-PTFE composites with various PTFE 
contents within a sliding distance of 1000 m is shown in Fig. 4.2. Under 
60 N load (≈140 MPa contact pressure in the steady-state), there is also a 
higher threshold of the PTFE content above which the wear rate of the 
Epomet-PTFE composites increases dramatically. For instance, the wear 
rate of the Epomet-PTFE composites with not more than 15 wt.% PTFE is 
in the order of 1×10-6 mm3/Nm, whereas that of the Epomet-PTFE 
composites with PTFE content not less than 20 wt.% is measured to be two 
orders of magnitude higher. As for the Epomet-PTFE-17.5, the wear rate 















































three tests. This implies that 17.5 wt.% PTFE is still above the threshold 
value. A wear rate as low as about 8.4×10-7 mm3/Nm (wear volume around 
5.2×10-2 mm3) is achieved for the Epomet-PTFE-12.5 after sliding for 1000 
m. This is the advantage of having a high concentration of SiO2 particles in 
the Epomet-PTFE composites. 






































Fig. 4.2 Wear rates of the Epomet-PTFE composites with various PTFE contents 
and of the ø13 mm 100Cr6 steel counterpart ball, after sliding for 1000 m at 60 
N normal load and 20 mm/s sliding velocity. Error bars are plotted for the wear 
rate of the composites, and some of the error bars are too small to be seen in the 
logarithm scale. The average CoF values of the composites are also displayed.  
The wear rate of the steel counterpart balls was measured with 
confocal microscopy, and the result is also illustrated in Fig. 4.2. It is 
shown that the wear rate of the steel balls is below 2×10-8 mm3/Nm when 
sliding against the Epomet-PTFE composites with the PTFE content not 
less than 10 wt.%. However, in the case of sliding against the Epomet-
PTFE-7.5, the wear rate of the steel ball is about one order of magnitude 
higher, in accordance with the measured high friction force. It is 
noteworthy that the wear rate of the Epomet-PTFE-7.5 is about 7×10-7 
mm3/Nm, which is comparable with the wear rate of the counterpart steel 
ball. This result suggests that without enough PTFE in the composite, the 
steel counterpart has a high abrasive wear due to the high concentration of 
SiO2 particles. 
From the friction and wear results, it is concluded that the Epomet-
PTFE composites with 10-15 wt.% PTFE content (and 59-55 wt.% SiO2 
particles) deliver the best tribo-performance under a load of 60 N within 
the sliding distance of 1000 m, namely low CoF and low wear rates of both 




estimated optimum PTFE content (10-20 vol.%) in the PTFE-polymers 
composite [15] and with the Epoxy, ZnO and PTFE nanocomposite [6]. 
Although the high content of SiO2 particles can enhance the load-bearing 
capacity and wear resistance of the Epomet-PTFE composite, one may 
argue its possible negative effect on the wear of the counterpart ball and 
stability of the wear performance over long working lifetime. To check this 
issue, a tribo-test of extreme long sliding distance was done with the 
Epomet-PTFE-30 (46 wt.% SiO2) at a contact pressure close to a real 
application of plane bearings. As shown in Fig. 4.3, it is found that when 
sliding at 10 N load (≈48 MPa contact pressure in the steady-state), the 
Epomet-PTFE-30 could hold a low CoF state as long as 20000 m sliding 
distance against an Al2O3 ball, whilst against the steel ball it could hold the 
same low CoF state over 6000 m sliding distance. In the beginning of tests, 
the CoF increases slightly up to a sliding distance of 1000-1200 m and 
thereafter decreases to reach the steady-state of low friction at the sliding  
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Fig. 4.3 CoF curves of the Epomet-PTFE-30 sliding against ø13 mm 100Cr6 
steel and ø13 mm Al2O3 counterpart balls (both Ra≈50 nm), at 10 N normal load 
and 20 mm/s speed. 
distance of about 2000 m. In particular, the CoF values are comparable 
when sliding against two different counterparts. It is noteworthy that there 
is no depletion of PTFE during such a long sliding test as indicated by the 
stable CoF curve, but rather a steady state of friction reflecting the bulk 
property of the composite. The wear rate of the Epomet-PTFE-30 in the 
latter case is measured to be around 1.0×10-6 mm3/Nm after 1000 m. 




Therefore, this composite has a potential as a self-lubricating liner in 
sliding bearings that adds up to maintenance free operation. 
4.3.2 Wear of Epomet-PTFE composites 
To investigate the wear mechanism, the worn surfaces of the Epomet-
PTFE composites were characterized first with light microscopy. Figure 
4.4 shows the wear evolution of the Epomet-PTFE-15 sliding against the 
steel ball. On the polished surface (Fig. 4.4a), it is seen that agglomerated 
PTFE particles (dark color) and SiO2 particles (grey color with sharp 
boundary) are embedded in the epoxy matrix (whitish color). Most of 
PTFE particles and SiO2 particles are separately dispersed in epoxy in the 
composites with low to moderate content of PTFE, while some of PTFE 
particles are connected with neighboring SiO2 particles when the content 
of PTFE is higher than 20 wt. %. The size of the PTFE particles is around 
10-50 µm, and the SiO2 particles are 20-100 µm in size. There are hardly 
SiO2 particles entrapped by PTFE phase. After sliding over400 m (Fig. 
4.4b), cracks in the SiO2 particles are observed (highlighted with dashed 
ellipses). Some parts of the epoxy matrix are probably covered with a 
PTFE layer and thus become darker, while the microstructure of the worn 
surface bears a strong resemblance to the originally polished surface, 
indicating a minor wear. In Fig. 4.4c, it is found that more cracked SiO2 
particles appear after sliding for 700 m. After sliding for 1000 m, parallel 
scratches are evidently observed. The morphology of the SiO2 particles in 
the middle of the worn surface is almost unchanged, indicating little wear 
of the composite after sliding for 1000 m. The average wear depth in the 
middle part of the worn surface is around 2.5 µm. 
The wear evolution of the Epomet-PTFE-7.5 was also investigated as 
shown in Fig. 4.5. Similar to the previous case, cracks in the SiO2 particles 
and parallel scratches are also found on the worn surface after 400 m (Fig. 
4.5b). However, after 650 m, the morphology of the worn surface has been 
significantly changed (Fig. 4.5c). The worn surface becomes rougher 
(measured with confocal microscopy) and shows a wavy morphology at 
some locations (marked with a circle in the figure). EDS quantitative 
results indicate that the wavy-shaped material consists mainly of fractured 
SiO2 and back-transferred steel (adds up to approximately 75±8 wt.%), 
while the rest are PTFE and epoxy. The occurrence of wavy morphology is 
attributed to the gradual accumulation of the fractured SiO2 and back- 
transferred steel on the worn surface of the composite, which leads to an 




12.5, after sliding more than 2000 m and showing an increase of CoF, the 
amount of Si and Fe wt.% on the worn composite surface increases, while  
  
  
Fig. 4.4 Light micrographs showing the wear evolution of the same area on a 
worn surface (ø22 mm) formed on the Epomet-PTFE-15 sample, sliding against 
ø13 mm 100Cr6 steel ball at 60 N load and 20 mm/s speed for different distances: 
(a) 0 m (original surface), (b) 400 m, (c) 700 m and (d) 1000 m. The arrow 
points to the relative sliding direction of the counterpart steel ball and the 
dashed ellipses indicate the fractured SiO2 particles (same in following figures). 
the F wt.% on the worn composite remains almost the same value. It is 
thus concluded that the increase of CoF is not due to the depletion of PTFE 
at the sliding interface, but is attributed to the gradual accumulation of the 
fractured SiO2 and back-transferred steel on the worn composite surface. 
As to the Epomet-PTFE-20, excessive PTFE content results in some 
large PTFE agglomerates or PTFE network, seen on the originally polished 
surface (Fig. 4.5d). This could lead to the formation of softer regions that 
worn off easily under a high load. After sliding for 400 m (Fig. 4.5e), only a 




few cracks in the SiO2 particles and some parallel scratches are seen on the 
worn surface. However, the morphology of a worn surface is completely 




Fig. 4.5 Light micrographs showing the wear evolution of the same area on a 
worn surface (a) 0 m, (b) 400 m and (c) 650 m on the Epomet-PTFE-7.5 sample, 




against the ø13 mm 100Cr6 steel ball at 60 N load and 20 mm/s speed, after 
various sliding distances.  
 
(see in Fig. 4.5f). The well-mixed thick third-body layer is observed on the 
worn surface. The average wear depth in the middle of the worn surface is 
around 23 µm, while the largest wear depth in some locations of the worn 
surface reaches about 70-100 µm. It is estimated that in the Epomet-
PTFE-20, there are about 40, 19 and 41 vol.% of the epoxy, PTFE and SiO2, 
respectively. The large volume fraction of PTFE could weaken the 
mechanical properties and the binding functionality of the epoxy matrix to 
the SiO2 particles. That is so, especially in the PTFE aggregated regions, 
which is a drawback of having a low volume fraction of the epoxy matrix 
(too high SiO2 concentration) when sliding under a high contact pressure. 
After sliding over a certain distance under 60 N load, de-bonding and 
cracking of the epoxy matrix could occur, which further deteriorates the 
binding functionality of the epoxy matrix. Then, the weakly bonded 
regions are peeled off from the bulk, leaving some craters in these regions. 
These craters could propagate along the worn surface, eventually they lead 
to a massive wear of the composite. Although a fairly low CoF is measured 
in this case, a massive wear of the composite is not acceptable for the 
application of bearing liner. It is important to note that when sliding under 
a low load (10 N), not only the Epomet-PTFE-20 but also the Epomet-
PTFE-30 does not show large craters and a massive wear of the composite 
after sliding longer than 10000 m. This implies the potential use of the 
Epomet-PTFE-20 and Epomet-PTFE-30 under mediate contact sliding 
conditions.  
In order to have a better understanding of the wavy morphology and 
micro-cracks formation, the worn surfaces of various Epomet-PTFE 
composites after sliding for 500 m were further studied with SEM. On the 
worn surface of Epomet-PTFE-15, the edges of most SiO2 particles are 
clearly distinguishable (Fig. 4.6a). The worn surface is quite smooth, 
except a few micro-cracks in the SiO2 particles. The cracks are not only 
found in SiO2 but also extended into the epoxy matrix. With a careful 
observation, a trace of polymer on the surfaces of the worn SiO2 particles 
is observed. On the worn surface of the Epomet-PTFE-7.5 (Fig. 4.6b), the 
wavy morphology consists of lots of continuous and fractured flakes. There 
is no trace of SiO2 particles on the worn surface, which are covered with 




the continuous and fractured flakes. This indicates that the wavy 
morphology is a thick tribo-layer formed during sliding.  
  
Fig. 4.6 The SEM micrographs (zoom-in details) of (a) the wear track of 
Epomet-PTFE-15, cracking of SiO2, (b) the wear track of Epomet-PTFE-7.5, 
wavy morphology, sliding against the ø13 mm 100Cr6 steel balls, at 60 N load 
and 20 mm/s speed. The arrows indicate the relative moving directions of the 
counterpart steel balls. 
It is concluded that the PTFE content in the composites plays an 
important role in the tribo-performance of the Epomet-PTFE composites. 
After a long sliding distance (>500 m), completely different morphologies 
of the worn surfaces are observed, due to the different PTFE contents in 
the composites. Whilst insufficient PTFE leads to a rough worn surface 
and a high CoF, too much PTFE gives rise to a massive wear of the 
composite. With an optimum PTFE content, the least morphological 
changes are found on the worn surface within 1000 m sliding distance, 
showing a low CoF as well as a low wear rate of the composite. In this case, 
the low wear rate of the composite enables the tracing of its wear evolution 
and helps to understand its wear mechanism better. The wear mechanism 
of the Epomet-PTFE-15 in the steady-state includes smearing / transfer of 
the PTFE particles along the worn surface, fracturing and cracking of the 
SiO2 particles and cracking of the epoxy matrix. However, eventually the 
gradual accumulation of the fractured SiO2 and back-transferred steel on 
the worn composite surface, and less PTFE being pushed onto the SiO2 
surface (PTFE wears faster than SiO2) leads to a significant increase of CoF.  
4.3.3 Wear of the steel balls 
The wear scars of the steel balls were characterized with light microscopy 
and confocal microscopy. Sliding against the Epomet-PTFE-15 for 200 m, 




shown in Fig. 4.7a). Similarly thick polymer layers are also found on the 
wear scars when sliding against the Epomet-PTFE-7.5 and Epomet-PTFE-
20 for 200 m. The polymer layer, or more specifically the transfer film, 
which probably composed of epoxy and PTFE, could alleviate the direct 
contact and scratching between the steel and SiO2 particles. This favors a 
stable sliding condition, which is associated with the low CoF (<0.12) in 
the first 200 m sliding distance for all the Epomet-PTFE composites, as 
shown in Fig. 4.1a.  
However, after sliding over a longer distance (>650 m), different 
morphologies are shown on the wear scars against the Epomet- PTFE 
composites with various PTFE contents. In the case of the Epomet-PTFE-
15, an evident and continuous transfer film is found on the wear scar after 
sliding for 1000 m (Fig. 4.7b), comparable to the transfer film formed after 
sliding 200 m (Fig. 4.7a). However, in the case of the Epomet-PTFE-20, 
  
  
Fig. 4.7 Light micrographs showing the wear scar of the ø13 mm 100Cr6 steel 
balls sliding against the Epomet-PTFE composites at 60 N load and 20 mm/s 
speed, after various sliding distances against: (a) the Epomet-PTFE-15 for 200 




m, (b) the Epomet-PTFE-15 for 1000 m (c) the Epomet-PTFE-20 for 1000 m and 
(d) the Epomet-PTFE-7.5 for 650 m. The arrows indicate the relative sliding 
directions of the Epomet-PTFE composites. 
hardly any visible transfer film is observed on the wear scar after sliding 
for 1000 m (Fig. 4.7c), but many parallel scratches. As to the Epomet-
PTFE-7.5, the wear scar after sliding for 650 m is found to be severely 
worn and partly covered with a very thin transfer film (Fig. 4.7d). Some 
large polymer flakes (or wear debris) are seen on the wear scar as well, 
which could be related with the fractured polymer flakes found on the 
corresponding worn surface of the composite. Therefore, insufficient PTFE 
in the composite not only leads to the roughening of the worn surface and 
a high CoF, but also causes a considerable wear on the steel ball 
counterpart. 
The wear evolution of the steel balls is investigated in detail with 
confocal microscopy, as shown in Fig. 4.8. In the case of the steel ball 
sliding against the Epomet-PTFE-15 (Fig. 4.8b middle panel), the steel ball 
only wears little after sliding for the first 200 m. The middle part is even 
higher than that of the original surface, indicating the formation of a 
transfer film (1-2 µm) on the wear scar. After sliding for 400 and 700 m, 
wear is observed on both sides of the wear scar (corresponding to the 
inner and outer edges of the worn surface of the composite), while the 
middle part is still slightly higher than the original surface. After sliding 
for 1000 m, an increased wear of the ball at the two sides and in the 
middle part is found. This could be associated with the much thinner 
transfer film observed after sliding for 1000 m (Fig. 4.7b).  
As to the steel ball sliding against the Epomet-PTFE-7.5, a much 
larger wear of the ball is measured (Fig. 4.8b top panel). Similar to the 
former case, the wear of the ball on two sides is larger than that of the 
middle part after sliding for 400 m. This is attributed to the fact that the 
wear debris is prone to be pushed towards the two edges (shoulders) of the 
worn surface of the composite. The wear debris contains many fractured 
SiO2 particles, which could severely scratch the two sides of the wear scar. 
When concave regions are formed on the two sides, more wear debris is 
collected in these regions, accelerating the wear process. Therefore, it is 
anticipated that abrasive wear of the steel ball starts from two sides, and 
gradually propagates towards the center. In this case, the profile of the 




The wear evolution of the steel ball sliding against the Epomet-PTFE-
20 (Fig. 4.8b bottom panel) is quite similar with that of the ball sliding 
against the Epomet-PTFE-15. However, less wear at the two sides is 
observed. This suggests that in this case, the wear debris generated is not 
as abrasive as it is for sliding against the Epomet-PTFE-15. This is 
probably due to a higher content of PTFE in the debris, as a result of a 


































Fig. 4.8 (a) Typical confocal image of a wear scar with the black arrow 
pointing to the sliding direction of Epomet-PTFE composite discs. (b) The 
middle-line profiles (as indicated by the red line shown in (a)) of the wear scars 
of the steel balls at different sliding distances against the Epomet-PTFE 
composites at 60 N load and 20 mm/s speed. 
It is concluded that a thick transfer film on the wear scar favors a 
sliding condition with a low CoF. After a long sliding distance, insufficient 
PTFE (≤7.5 wt.%) could cause a considerable wear of the steel ball, while 
too much PTFE (≥20 wt.%) does not necessarily lead to a thick transfer 
film as expected. The latter one is probably due to the instability of the 
transfer film accompanied with the massive wear of the composite. 
4.3.4 EDS analysis of PTFE-containing tribolayer 
Given that the Epomet-PTFE composites with PTFE content between 10 
and 15 wt.% show a very slight microstructural change within 1000 m 
sliding distance under 60 N load, it is feasible to trace the evolution of 
chemical elements on the worn composites surface and study the 
formation of third-body tribolayers in the steady-state with EDS analysis. 
The evolution of the elemental change of the worn surface of the 
Epomet-PTFE-12.5 with sliding distance is illustrated with EDS mapping, 
as shown in Fig. 4.9. On the as-polished surface, quiet clear boundaries are 




seen among the C, F and Si concentrated regions. After sliding for only 10 
m, slight spreading of F over C and Si concentrated regions is observed. 
With increasing sliding distance, it is seen that more and more F is spread 
onto C and Si regions, indicating the gradual build-up of PTFE-containing 
tribolayer on the worn surface. It is found that the tribolayer on the SiO2 
particles mainly contains PTFE. In Fig. 4.9d, several parallel F-
concentrated lines are clearly observed on the worn SiO2 particle (marked 
with arrows), which gradually spreads over the particle with increasing 
sliding distances (see Fig. 4.9e and 4.9f). These F-concentrated lines are 
the PTFE-containing third-body that is accumulated through the scratch 
grooves on the wear scar of the steel ball. After sliding more than 1000 m, 
a fairly homogeneous distribution of F on the worn surface is observed 
(Fig. 4.9f). Apart from that, slightly more epoxy on the worn SiO2 particles 
is seen, which is associated with more epoxy debris generated after a 
longer sliding distance. In short, the EDS mapping results show that a 
layer of PTFE-containing third-body tribolayer gradually builds up on the 
worn surface of the composite, covering the epoxy matrix and SiO2 
particles. 
To determine the amount of PTFE-containing third-body tribolayer, 
EDS quantitative analysis was carried out on the worn surface, as well as 
on the worn SiO2 particles (for the sake of convenient and accurate 
measurement with a background of foreign composition-Si, O). For 
measuring the average PTFE content on the worn surfaces, three different 
areas with size about 465×350 µm2 are chosen on a worn surface (about 
700 µm wide), each of which covers at least 30 SiO2 particles. Fig. 4.10a 
shows that the weight percentage of F significantly increases within the 
first 400 m sliding, especially within the first 50 m. It suggests a faster 
building-up of the PTFE-containing third-body tribolayer in the initial 
stage. It should be noted that the contribution of Fe_L peak to F peak is 
removed in the quantitative analysis, according to the EDS results 
obtained at 15 kV. After 400 m, the average weight percentage of F 
measured on the worn surface stabilizes, which could be correlated with 
the steady-state of the corresponding CoF curve.  
To further quantify the thickness of PTFE-containing tribolayer, EDS 
quantitative analysis was deliberately performed on the worn SiO2 
particles, averaged with 8 different scanning areas (2.7×2 µm2). The 
evolution of the average F wt.% on the SiO2 particles is shown in Fig. 4.10a. 




the SiO2 particles is found in the first 50 m. From 50 m to 1000 m, it 
gradually increases, reaching a more or less steady state after 1000 m. In 




Fig. 4.9 EDS elemental mapping at the same location on the worn surface of the 
Epomet-PTFE-12.5 sliding for (a) 0 m, (b) 10 m (c) 50 m, (d) 200 m, (e) 700 m, 
and (f) 1000 m against ø13 bearing steel ball, under 60 N normal load and 20 




mm/s sliding speed. The arrow in (b) indicates the relative sliding direction of 
the steel ball. 
that the trend of CoF reduction is inversely proportional to the increase in 
PTFE content or the thickness of the tribolayer formed. 
Based on the measured weight percentage of each element on the SiO2 
particles, the thickness of the PTFE-containing third-body tribolayer can 
be estimated. The calculation of the volume percentage of epoxy and PTFE 
on the SiO2 particles is elaborated in the experimental part, in which it is 
assumed that the third-body tribolayer only contains epoxy and PTFE. 
However, to estimate the thickness of the PTFE-containing third-body 
tribolayer on the SiO2 surface, the approximate detection depth of EDS 
must be known first. The following equation has been shown to give a 
good practical estimate of X-ray interaction with the actual sample [16]:  
ρ
)(064.0 68.168.1 co EER −=  
Where R is the detection depth (spatial resolution) in µm, Eo is the 
accelerating voltage in kV, Ec is the critical excitation energy in keV and ρ 
is the mean specimen density in g/cm³. 
The estimated detection depth of EDS into SiO2 with 3.5 kV 
accelerating voltage is about 180 nm. To validate, another estimation was 
carried out with the simulation of the electron trajectory using the “Win X- 
Ray” software [17], which gives a detection depth of the X-ray also around 
180 nm in this case. Therefore, the detection depth of EDS in this case is 
assumed to be 180 nm. It is also assumed that the third-body tribolayer 
has a uniform thickness on the SiO2 surface and the shape of the detecting 
volume of EDS is simplified as a cuboid instead of a pear shape, so that the 
volume percentage can be directly converted to thickness percentage. The 
result is presented in Fig. 4.10b. It shows a non-linear increase of the 
average thickness of the third-body tribolayer, reaching about 20-30 nm 
after sliding over more than 700 m. The maximum thickness of the PTFE-
containing third-body is probably between 25 and 35 nm in the steady-
state in this case. It has also to be noted that the worn surface of SiO2 is a 
bit rough, which means an inhomogeneous distribution and non-uniform 
thickness of the third-body on the SiO2 surface.  
It is also noteworthy that the increase of the F wt.% on the SiO2 
surface is less than the average increase of the F wt.% on the worn surface. 
This suggests a larger increase of the F wt.% on the epoxy surface than that 




surface is similar, around 1:1.05 according to the composition. This result 
implies that there is a thicker layer of the PTFE-containing third-body 
formed on the epoxy matrix. For instance, after sliding for 700 m, the 
increase of the F wt.% is about 6 wt.% on the SiO2 surface while around 9 
wt.% in average on the worn surface, which means an increase about 12 
wt.% on the surface of epoxy matrix. Therefore, the thickness of the PTFE-
containing third-body tribolayer on the epoxy matrix is estimated to be 
about 40-60 nm after sliding for more than 700 m. 
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b Third-body tribolayer on SiO2 particles
 
Fig. 4.10 (a) The measured average F content (wt.%) with EDS on the worn 
surface and on the SiO2 particles of the Epomet-PTFE-12.5 sliding against ø13 
mm 100Cr6 steel ball versus sliding distances under 60 N normal load and 20 
mm/s sliding speed. The corresponding CoF curve is also presented. (b) Average 




thickness of third-body tribolayer formed on SiO2 particles, estimated from the 
EDS results. 
4.3.5 Performance improvement 
It has been shown that the Epomet-PTFE composites possess a 
homogenous distribution of fillers, a very high load-bearing capacity and 
good wear resistance, in comparison with the continuous fibers reinforced 
phenolic composites received from SKF. However, when sliding against 
the steel ball for more than 2000 m, a significant increase of CoF is 
observed, which is attributed to the drawback of having a too high content 
of the abrasive SiO2 particles. Although with the Epomet-PTFE-30 
composite a low and stable sliding was achieved for more than 20000 
under 10 N (≈33 MPa at 10000 m) normal load, it yields high wear under 
20N load due to the lowering of mechanical properties with too much 
PTFE.  
There are two directions to improve the performance: 1) the sliding 
counterparts, i.e. hardness, wear resistance, self-lubrication property, 
adhesion to PTFE transfer films; 2) the self-lubricating composites, i.e. 
homogeneity of the distribution of fillers and solid lubricants, mechanical 
properties, abrasiveness to the counterparts, lubrication properties. 
Regarding the first one, it was found that the Al2O3 ball could perform 
better than the steel ball, due to its better wear resistance. Follow this 
direction, DLC (TiC/a-C:H in this work) coatings may offer a further 
improvement to the sliding system. As shown in Fig. 4.11, a significant 
increase of CoF is seen in the case of sliding against the steel ball and the 
Al2O3 ball after less than 3000 m. The TiC/a-C:H coated ball gives rise to 
the longest steady state of sliding, which is attributed to its highest H/E 
ratio [18] and self-lubrication property. The test (the blue curve in Fig. 4.11) 
was stopped because a small-area (< 8%) delamination (plus wearing off) 
on the worn TiC/a-C:H coating surface occurred after 6300 m sliding. This 
suggests that when sliding against the TiC/a-C: H coated ball, the 
adhesion strength and anti-wear property of the coating are the limiting 
factors. 
It was found that the TiC/a-C:H coating could clearly improve the 
tribological performance of the sliding system. However, delamination or 
wearing off of the thin coating still limits its performance, disregarding of 
the high cost of producing the coating. Therefore, making PTFE-SiO2-


























Fig. 4.11 CoF curves of the Epomet-PTFE-12.5 sliding against the ø13 mm 
100Cr6 steel ball, ø13 mm Al2O3 ball and ø13 mm TiC/a-C:H coated ball, under 
60 N normal load and at a velocity of 20 mm/s . 
Two different types of (partially) hollow glass microspheres reinforced 
PTFE-epoxy particulate composites are produced, the Epoxy 6078 
composites and the Epoxy 25036 composites, as introduced in Chapter 2, 
section 1. In both composites, 15 wt.% PTFE is added as a solid lubricant. 
The epoxy XB 6078 system has relative weaker mechanical properties than 
the epoxy 25036 system, which leads to weaker mechanical properties in 
the epoxy XB 6078 composites. We will firstly discuss the tribo-
performance of the Epoxy 6078 composites, then the tribo-performance of 
the Epoxy 25036 composites. 
The Epoxy 6078 composite is reinforced with 37.5 wt.% (partially) 
hollow glass microspheres, having a hardness of 20.2±0.3 HV0.1. The 
tribo-performance of the Epoxy 6078 composites is shown in Fig. 4.12a. 
The CoFs are both around 0.12 under 30N load, 5 cm/s speed. The 
composite could hold a low and stable CoF for more than 10000 m, sliding 
against the smooth steel ball. The wear rate is about 9.8×10-7 m3/Nm after 
sliding for 10000 m under 30 N (≈59 MPa at 10000 m). It should be noted 
that accelerated wear is not observed on the composite surface and the 
steel ball surface is only slightly scratched, after sliding for 10000 m. 
When tested at 40 N normal load, the composite shows significant pitting 




wear after several 1000 m sliding due to fatigue. This means that the 
Epoxy 6078 composites has a load bearing capacity around 60 MPa. 
As regards the Epoxy 25036-25-3 composite, it contains 30 wt.% 
(partially) hollow glass microspheres. Its hardness is about 21.0±0.4 
HV0.1. It is also tested against 100Cr 6 steel ball for 10000 m, but at 50 N 
normal load. The CoF is a bit higher (0.135) than the former one, as shown 
in Fig. 4.12b. There is also no sign of fatigue wear of the composite at 50 N 
(≈90 MPa at 10000 m) in the long sliding test. Its wear volume is 
measured to be 7.45×10-2 mm3, which corresponds to a wear rate of 
1.49×10-7 mm3/Nm after 10000 m. It outperforms the Epoxy 6078 
composite. It should be mentioned that 10000 m sliding distance is about 
144000 circles in this particular test with our rotational sliding tribometer. 
This composite yields much lower wear rate than the phenolic composite 
liner (discussed in Chapter 3), and it does not show a significant increase 
of CoF as found in the Epomet-PTFE-12.5 composite. Hence, it could offer 
promising applications in the field of self-lubricating polymer composite 
based bearings for conditions with a fairly high contact pressure. 
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Fig. 4.12 (a) The Epoxy 6078 (37.5 wt.% hollow glass) sample sliding against 
the steel ball under 30 N load, at 5 cm/s for 10000 m. (b) The Epoxy 25036-25-3 
composite (30 wt.% glass microspheres) sliding against the steel ball under 50 N 
load, at 5 cm/s speed for 10000 m. 
4.3.6 Comparison with other commercial materials 
To classify the performance of the composites, a comparison was made 
between the Epomet-PTFE-12.5 and other polymer-based commercial 
bearing materials tested at an identical condition, the result of which is 
shown in Fig. 4.13. The composition of the commercial bearing materials 




It is seen that the Epoxy 6078 composite not only shows a fairly low 
CoF, but also exhibits a lower wear rate than the other commercial 
materials. The Epoxy 25036 composite has an even lower wear rate and a 
higher loading capacity than the Epoxy 6078 composite. The Epomet-
PTFE-12.5 shows a low wear rate, but its CoF increases to higher than 0.3 
after 2000 m sliding. It is noteworthy that the commercial liner materials 
tested in this work are fiber-reinforced polymer composites. The long-fiber 
reinforced polymer composites are generally anisotropic, although various 
weaving directions of the fibers could alleviate this effect. Short fiber 
reinforced polymer composites are less anisotropic, yielding better 
performance than the long-fiber reinforced polymer composites. In the 
particle-reinforced composite, a homogeneous distribution of each 
component and isotropic properties could be achieved with well-mixed 
small particles. This could be at least partly responsible for the better 
performance of the epoxy composites developed in this research.  
For applications in SKF’s dry sliding bearings, it is very important to 
keep a low CoF and low wear rate as long as possible. It has been shown 
that the epoxy 6078 composite lasts longer than 10000 m at 30 N normal 
load (≈59 MPa) and the epoxy 25036-25-3 composite lasts longer than 
10000 m at 50 N normal load (≈92 MPa). Their CoF values are fair low 
(0.12). The evolution of the wear volume with sliding distance of the two 
composites are shown in Fig. A.3. In both case, accelerated wear was not 
observed. Regarding the load bearing capacity and the wear rate, the epoxy 

































Fig. 4.13 Average CoF and wear rate of the Epomet-PTFE-12.5 composite 
compared with other commercial bearing liner materials. The error bar means 




an unstable CoF after a long sliding distance. All the samples are tested with the 
same setup and at an identical condition (against the steel ball, 40 N normal 
load, 20 mm/s sliding speed and 1000 m distance).  
The two epoxy composites show much lower wear rate than the 
phenolic composite liner, and much lower CoF (less abrasive) than the 
Epomet-PTFE-12.5 after a long sliding distance. They both keep a low CoF 
and a low wear rate more than 10000 m under fairly high contact 
pressures. Hence, they could offer promising applications in the field of 
self-lubricating polymer composite based bearings for low load conditions. 
Table 4.2. The composition of the commercial bearing materials and 




















































Epomet-PTFE composites with a high concentration of SiO2 particles were 
produced and investigated. Insufficient PTFE in the composite could lead 
to the undulations on the worn surface, as well as very large wear of the 
steel ball. Excessive PTFE can cause the agglomeration of PTFE particles 
and weaken the mechanical properties of the composites.  
Under 60 N load (140 MPa), a low CoF (0.095) in combination with a 
low wear rate (8.4×10-7 mm3/Nm) is achieved for the Epomet-PTFE-12.5 
within 1000 m, but a significant increase of CoF is observed when sliding 
more than 2000 m. These are the advantage and disadvantage of having a 
high concentration of SiO2 particles in the Epomet-PTFE composites. Long 




PTFE-30 under a lower load (contact pressure) confirm that the composite 
could hold a low CoF and a low wear rate of steady state, implying their 
potential use as a self-lubricating composite material. 
The microstructural change on the wear surface of the composite 
enables us to trace the evolution of chemical elements and to study the 
formation of third-body tribolayers. A gradual build-up of PTFE-
containing third-body tribolayer is revealed with a series of EDS mapping. 
The EDS results suggest that the average thickness of the tribolayer in the 
steady-state is about 20-30 on the worn SiO2 surface and 40-60 nm on the 
worn epoxy surface after sliding for more than 700 m. The thickness of the 
PTFE-containing third-body on the SiO2 surface increases with the sliding 
distance, until a stationary value is reached after sliding for about 1000 m.  
With less and a smaller size of glass particles, the epoxy 6078 
composite and the epoxy 25036-25-3 composite yield a low CoF and low 
wear for at least 10000 m sliding. They could offer promising applications 
in the field of self-lubricating polymer composite based bearings. 
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This chapter addresses the question what the influence will be of size 
and shape of glass particles and fiber fillers on the abrasive wear resistance 
of polytetrafluoroethylene (PTFE)/epoxy composites sliding against steel 
balls. It turns out that a size effect appears, i.e. large size glass particles 
(~80 µm, L) are more abrasive than medium-size (~50 µm, M) and small-
size (~27 µm, S) glass particles. Longer glass fibers (submicron) tend to be 
more abrasive. Nevertheless, longer glass fibers still enhance the intrinsic 
mechanical properties of the composites. Also, Carbon fibers reinforced 
composites yield much better mechanical properties than the glass fibers 
reinforced composites, but much more abrasive wear on the steel ball. 
Mechanical properties are enhanced with an increasing amount of glass 







In the past a vast amount of research was focused on lowering the friction 
and improving the wear resistance and the mechanical property of the 
self-lubricating composites, which mainly cover the influence of lubricants 
[1, 2, 3], polymer matrix [4, 5, 6], fillers and nano-particles [7, 8, 9, 10, 11]. 
However, we have found that too much abrasive wear on the sliding 
counterpart (usually bearing steels) could also deteriorate the sliding 
condition and increase the friction force and abrasive wear [ 12 , 13 ]. 
Reinforcers or fillers, such as glass fibers and carbon fibers, are the stiff 
and hard components of self-lubricating composites. Thus, an evaluation 
of the abrasiveness of the fillers is necessary for improving the materials 
design of self-lubricating composites. Given that both the size and 
geometry of the abrasive particles could affect their abrasiveness [14, 15, 
16, 17], different glass fillers embedded in composites could also lead to 
different abrasiveness of the composites. Glass fibers are more abrasive 
than carbon fibers [18, 19, 20], which is attributed to a higher hardness of 
glass fibers. As regards a long-term stable sliding condition, it is relevant 
to examine the abrasiveness of the glass particles filled composites and 
milled glass/carbon fibers filled composites. 
Nano-particles filled composites had shown advantages over micro-
particles filled composites in enhancing the mechanical and tribological 
properties. An evident increase of tensile (and flexural) modulus and 
strength and impact strength of epoxy composites by adding few percent 
nano-fillers have been reported [ 21 , 22 ]. Regarding the tribological 
performance, McCook and Sawyer et al. have found that by adding 1 vol.% 
ZnO into PTFE/epoxy composites, the wear rate was reduced by about 
50%, while more than 3.5 vol.% ZnO yielded a higher wear rate. Moreover, 
adding few percent of nano-Si3N4, nano-Al2O3 or nano-TiO2 particles could 
also reduce the wear rate of epoxy composites [22, 23, 24].  
This work aims at evaluating the abrasiveness and reinforcing effect of 
some common fillers: glass spheres, milled glass fibers and milled carbon 
fibers, as well as some nano particles. The influence of the size of glass 
particles, the length of fibers, as well as the surface adhesion property was 
thoroughly investigated. The goal of this work is to contribute to an 
improved design of self-lubricating composites which could optimize the 
wear of both sides of sliding counterparts, when a sufficient lubrication is 
guaranteed. 






Epoxy XB 6078 powder, supplied by Huntmans, is a one-component solid 
epoxy system. It can be cured by heating up to around 110-130 °C in 
several minutes. A fast-curing solid epoxy powder is used as the matrix, 
which is designed to avoid the settling of large glass particles (> 70 µm) 
into the bottom side of the curing sample in conventional liquid epoxy 
system. The settling of large glass particles was observed in a Specifix-20 
epoxy system (initial viscosity ≈ 190 mPa·s) and even in an Epoxydharz C 
epoxy system (initial viscosity ≈ 3200 mPa·s) by the authors. For readers 
who are interested in the settling speed of spherical particles in a liquid, it 
can be estimated by Stokes’ law [25], see also Appendix 4.  
PTFE powder, purchased from Sigma-Aldrich, has average particle 
size about 12 µm, according to manufacturer’s datasheet. Hollow (partially 
hollow) glass spheres (47Si, 37O, 8Na, 6Ca, 0.8Al, wt.%, measured with 
energy dispersive X-ray spectroscopy), from Sigma-Aldrich, have average 
diameter around 8.4 µm as measured with light microscopy. Solid glass 
spheres (46Si, 33O, 10Na, 8Ca, 2.0Mg, 0.5Al) with diameter less than 106 
µm diameter are purchased from Sigma-Aldrich.  
The solid glass spheres are sieved through 100 µm, 71 µm and 40 µm 
sieves. The size grades obtained are less than 40 µm (S), 40-71 µm (M) and 
71-100 µm (L). The measured size distribution of hollow glass spheres and 
solid glass spheres of three grades are presented in Fig. A.5 (in appendix). 
The average diameters of the three-grade solid glass spheres are 27.1 µm 
(S), 49.9 µm (M) and 79.0 µm (L), respectively.  
Milled glass fibers (GF) have an average diameter of about 12.3 µm 
(from: carbonwinkel.nl). As shown in Table 5.1 and Fig. A.6 (in appendix), 
milled glass fibers with three different average length are named as: Short-
GF, GF (medium), and Long-GF. Milled carbon fibers (CF) have an 
average diameter around 7.0 µm (from: easycomposite.co.uk). Silicon 
oxide (SiOx) nano-particles have an average size of 15-20 nm (from: us-
nano.com). 
Sample preparation 
After weighing, the epoxy and the PTFE powder together with 6.5 g water 
was ball milled (10 ø6 mm 100Cr6 steel balls) at 450 rpm for 7 min using a 
planetary mill (Fritsch Pulverisette). Then, the hollow glass spheres were 
added in and milled for another 2 min. Afterwards, the glass spheres, 





for only 45 seconds. The mixture was dried in a furnace at 40°C overnight. 
The dried powder was then gently ground and transferred to a curing mold. 
According to SEM observations, the glass particles or short carbon or glass 
fibers in the ground powder were not evidently fractured. The powder was 
cured at 8 bar pressure for 10 minutes in a curing mold which was placed 
in a hot press (Schwabenthan Polystat 100T). The curing temperature of 
the bottom heating plate and the top heating plate are 112°C and 245°C, 
respectively, due to that the distance of curing composites is 56 mm to the 
top plate and 20 mm to the bottom plate to enable de-molding process. 
After cooling down with compressed air and de-molding, the composite 
disks (around ø30 mm × 7.5 mm) were polished until 4000 grade 
polishing paper. The compositions and the names of the composites are 
listed in Table 5.1. 











47.5 15 37.5 -- HG 
47.5 15 27.5 10% solid glass spheres, <40 µm S 
47.5 15 27.5 10% solid glass spheres, 40-71 µm M 
47.5 15 27.5 10% solid glass spheres, 71-100 µm L 
47.5 15 27.5 10% milled carbon fibers, 108.5 µm CF 
47.5 15 27.5 10% milled glass fibers, 120.2 µm GF 
47.5 15 27.5 10% milled glass fibers, 59.1 µm Short-GF 
47.5 15 27.5 10% milled glass fibers, 245.4 µm Long-GF 
Compression tests 
Each composite sample was cut and polished into three 7mm x 7mm x 
14mm cuboids. All the cuboids were tested with a Kammrath & Weiss 
compression tester, with the compressive forces being exerted on the two 
far ends. During test, the compressive strain was linearly increased with 
time (21.7 µm/s) until the sample breaks. The stress and the strain was 
constantly recorded to obtain the compressive modulus, strength and 
elongation at break of the samples.  
Tribo-tests 
The friction behavior of the epoxy composites were studied using a CSM 
ball-on-disk rotational tribometer under dry sliding conditions. Ø13 mm 
100Cr6 bearing steel balls (7.8 g/cm3 density) were used as the stationary 
counterparts balls. The surface roughness (Ra) values of the steel balls was 




measured to be around 60 nm with confocal microscopy (60 µm cutoff, 
705×728 µm image size). The sliding conditions were either 40 N normal 
load and 5 cm/s sliding speed, or 20 N normal load and 20 mm/s sliding 
speed due to the lower load bearing capacity of some samples. The sliding 
environment was 35 ± 2% relative humidity and room temperature (22 ± 
2°C). The relative humidity was adjusted with feedback controlled flux of 
dry air or water vapor into the testing chamber.  
Characterization 
After the tribo-tests, the morphology and profile of the worn surfaces of 
the epoxy composites and of the balls were inspected using light 
microscopy and confocal microscopy (Nanofocus µSurf). The calculation of 
the composites wear volume uses a Matlab code with a margin of error of 
±5%. Energy dispersive X-ray spectroscopy (EDS, Philips XL-30 FEG 
ESEM) was used to analyze the elemental composition on the wear 
surfaces, with a 15 kV acceleration voltage. A thin Au layer was applied on 
the surface of the epoxy composites so as to avoid charging. To obtain the 
average elemental composition on the wear surfaces of the composites, at 
least three scans were executed with the size of the scanning areas about 
465×350 µm2.  
Table 5.2. EDS Fe content (EDS software calculated) on wear track of 
composites, the average CoF values and the average wear rate of various 
composites, after sliding under 20 N for 1500 m. (N.D.: no evidence Fe peak is 
detectable. weak peak: fairly weak Fe peaks, but visible.) 
Sample Fe content (wt.%) CoF Average wear rate 
(×10-16 m3/Nm) 
HG N.D. 0.108 6.1 
S N.D. 0.114 7.7 
M N.D. 0.110 8.1 
L 0.57±0.17 0.112 9.2 
CF weak peak 0.107 8.3 
GF weak peak 0.109 11.2 
Short-GF N.D. 0.099 10.5 
Long-GF 0.59±0.15 0.105 10.9 
5.3 Results and discussion 
5.3.1 Abrasiveness of the fillers 
It should be briefly mentioned that, as expected, the abrasiveness of the 
composites is found to increase with an increasing concentration of glass 





steel ball (not shown here) was observed after tribo-tests when sliding 
against the composite with 50 wt.% glass than the composite with 37.5 wt.% 
and 25 wt.% glass. 
5.3.1.1 Effect of the particle size 
The size of the glass spheres could influence the abrasiveness of the 
composites. The CoF results of the epoxy composites with 10 wt.% of 
various sizes of glass spheres are presented in Table. 5.2, sliding under 20 
N load and 20 mm/s speed. It is seen that in general, except for the S 
sample, the CoF increases with increasing diameter of the glass spheres. 
EDS results in Table 5.2 show the amount of back transferred Fe onto the 
worn composite surfaces after sliding for 1500 m. A detectable amount of 
back transferred Fe is only found on the worn L sample surface.  
  
   
Fig. 5.1 Light micrographs showing the wear scar of the steel balls sliding 
against the composites: (a) M, (b) L, (c) CF and (d) GF samples, at 20 N load and 
20 mm/s speed, after 1500 m sliding distance. The arrow indicates the relative 
sliding direction of the sliding counterpart (same in the following figures). 




Fig. 5.1 shows that when sliding against the M samples, the steel ball 
shows hardly any wear but only few scratches. On the other hand, when 
sliding against the L sample, the worn steel ball shows many scratches and 
evident abrasive wear. To obtain a clear assessment on the wear of the 
steel ball, confocal images were taken and the middle line profiles were 
used to compare the wear depth (in Fig. 5.2, method see in Chapter 4, Fig. 
4.8). It is seen that there is only little wear of the steel ball when sliding 
against the M sample, while the wear depth of the steel ball is clearly 
larger when sliding against the L sample. It should also be noted the in the 
case of sliding against the HG sample and the S sample, there is hardly any 
wear or scratch on the wear scar of the steel ball (not shown here). Thus, it 
is concluded that the amount of abrasiveness of the solid glass spheres in 








































Fig. 5.2 The middle-line profiles (as indicated by the red line in Chapter 4 Fig. 
4.8a) of the wear scars of the steel balls when sliding against the various epoxy 
composites at 20 N load and 20 mm/s speed for 1500 m. The black line (higher 






5.3.1.2 Effect of glass fiber length 
The effect of the length of milled glass fibers on the abrasiveness of the 
glass fibers reinforced composites is also a relevant issue. In glass fibers 
reinforced composites, it is found that the composite reinforced with the 
shortest glass fibers (Short-GF) yields the lowest CoF, as shown in Table. 
5.2. Light images of wear scars of the steel ball after sliding against glass 
fibers reinforced composites are shown in Fig. 5.3. It is seen that the steel 
ball wears the most when sliding against the Long-GF sample, while the 
steel ball has the least wear and scratches when sliding against the Short-
GF sample. Line profiles of confocal images in Fig. 5.4 and EDS results 
listed in Table. 5.2 confirm that the Long-GF sample is the most abrasive 
one whereas the Short-GF sample is the least. 
  
 
Fig. 5.3 Light micrographs showing the wear scar of the steel balls sliding 
against the composites disc: (a) Short-GF (b) GF and (c) Long-GF samples, at 20 
N load and 20 mm/s speed, after 1500 m sliding distance. 




































Fig. 5.4 Middle-line profiles of wear scars of the steel balls when sliding against 
the epoxy composites with milled glass fibers of various average length, at 20 N 
load and 20 mm/s speed for 1500 m. The black lines indicate the profiles of the 
original surfaces. 
5.3.1.3 Milled carbon fibers  
Sliding under 20 N load and 20 mm/s speed for 1500 m, light images in 
Fig. 5.1 shows that there are much more abrasive scratches on the steel 
wear scar when sliding against the CF sample than that in the case of 
sliding against the GF and M sample. It should be noted that there is no 
pitting (or spalling) wear on the worn composite surface of the CF and the 
GF sample, the occurrence of which might lead to abrasive wear on the 
counterpart steel ball.  
According to the EDS results in Table. 5.2, the detected amount of 
back transferred Fe on the CF sample surface is similar to the GF sample 
after 1500 m sliding. Confocal images of the steel wear scars confirm 
(shown in Fig. 5.2 & Fig. 5.4) that the CF sample is evidently more 
abrasive than the Short-GF and M sample. The abrasiveness wear types of 
the CF and the GF sample are different. Linking the light and confocal 
images of their steel counterparts, it is seen that the CF sample yields 
many shallow scratches while the GF sample gives rise to few fairly deep 
scratches. Upon extending the sliding distance to 4000 m, it is found that 
the CoF of the CF sample has a significant increase after about 2000 m, 





fairly stable and low in the 4000 m sliding (in Fig. 5.5a). The wear-scar 
profiles of the steel ball after sliding against the CF sample and GF sample 
for 4000 m is shown in Fig. 5.5b.  It is seen that the steel ball wears much 
more in the case of the CF sample. This means that the CF sample is more 
abrasive than the GF sample. Although it has been reported that in 
polymer composites glass fibers are more abrasive than carbon fibers [18, 
19, 20], it is not the case in the PTFE-epoxy system.  










































Fig. 5.5 (a) CoF results of the CF and the GF sample sliding against the steel ball 
for 4000 m, at 20 N load, 20 mm/s speed. (b) Middle-line profiles of wear scars 
of the steel balls when sliding against the CF and the GF epoxy composites, at 20 
N load and 20 mm/s speed for 4000 m. The black lines in (b) indicate the profiles 
of the original surfaces. 
  
Fig. 5.6 Light micrographs of the wear tracks of (a) the CF sample and (b) the 
GF sample, after sliding against the steel ball for 1500 m, under 20 N load and 
20 mm/s speed. 
 
 





Since it is generally believed that glass fibers are more abrasive than 
carbon fibers [18, 19, 20], the contradictory result observed in this work 
needs an explanation. Looking at the wear tracks of the composites (in Fig. 
5.6), it is observed that the milled carbon fibers are bright and obvious on 
the worn surface, whilst the milled glass fibers are dull and much less 
obvious. A very bright area of a glass fiber which represents its original 
brightness is shown in the rectangle in Fig. 5.6b. It is observed with light 
microscopy that the original glass fibers are brighter than the original 
carbon fibers. In the as-polished composite surface, the carbon fibers are 
brighter than the glass fibers, as well as in the composite surface after 50 
m sliding and after 1500 m sliding. Glass fibers lose their brightness in the 
composites because they are covered by a polymer layer, which is probably 
the reason for its lower abrasiveness than carbon fibers. To check the 
coverage of polymers on the fibers, EDS analysis is performed on the 
fibers. The results are listed in Table. 5.3. It is seen that on the glass fibers 
in the composite, there is a trace of F content and a much higher C content 
than on the original glass fibers. Scanning on the carbon fibers in the 
composite, there is also a slight trace of F content but a lower O content 
than on the original carbon fibers. The O content is much higher on the 
epoxy matrix than that on carbon fibers, while the C content is much 
higher on the epoxy matrix than that on glass fibers. Hence, the higher C 
content on glass fibers in the composite is due to the existence of an epoxy 
layer, while the lower O content on the carbon fibers in the composite 
indicates the absence of an epoxy layer (or having very little). It is 
concluded that the glass fibers are covered with an epoxy/PTFE layer, 
while there is no evidence of epoxy covering on the carbon fibers in the 
wear track of the composite, but only a little PTFE. It is anticipated that a 
higher coverage of an epoxy/PTFE layer on glass fibers results in less steel- 
Table 5.3. The elemental composition from EDS analysis (5 kV) on the original 
fibers, fibers embedded in PTFE-epoxy composites, as well as the epoxy resin 
matrix. (Al at.% in glass fibers is not presented here.) 
Sample C (at.%) O (at.%) F (at.%) Si (at.%) 
original glass fibers 10.4 39.5 - 37.6 
glass fibers in composite 16.6 39.4 1.1 32.4 
original carbon fibers 95.1 4.9 - - 
carbon fibers in composite 95.8 3.6 0.6 - 







Fig. 5.7 Light micrographs of (a) the L sample, (b) the M sample and (c) the S 
sample, after sliding against the steel ball for 1500 m, at 20 N load, 20 mm/s 
speed.  
fiber contact and thus less scratches and abrasive wear on the steel surface 
than that of the carbon fibers. 
A similar reason could be responsible for the size effect of glass 
spheres. Larger glass spheres have larger flat surface on the as-polished 
composite surface. During sliding, the possibility of all the flat areas on the 
large glass spheres being covered with sufficient epoxy/PTFE layer is 
much smaller than in the case of small glass spheres. This may lead to a 
higher abrasiveness of the composite filled with larger glass spheres. On 
the other hand, a few large glass spheres on the composite surface make 
the contact with steel ball less conformal, due to the large flat area of a 
single large glass sphere. Assuming a close-to-point contact between the 
flat glass and the spherical steel, this gives rise to a reduction of whole 
contact area between glass and steel and an increase of the average contact 
stress between glass and steel as a result. The increase of the average 
contact stress will lead to a thinner epoxy/PTFE layer on the glass surface 




and thus to an increase of abrasiveness. Less epoxy/PTFE on large glass 
spheres is inconsistent with the observation in Fig. 5.7. A shinning large 
glass sphere in Fig. 5.7a and a little shinning spot on a medium-size glass 
sphere on the top-right corner of the Fig. 5.7b are observed, which are not 
seen on the worn surface of the S sample (Fig. 5.7c). 
As to the glass fibers, it is found in Fig. 5.8 that some glass fibers are 
broken into two parts in the GF and Long-GF sample after sliding tests, 
which is not easily seen in the Short-GF sample. We can see in Fig. A.6  
that almost all fibers are shorter than 200 µm in the Short-GF sample, 
while there are quite a few fibers longer than 400 µm in the GF and 
especially in the Long-GF sample. It is anticipated that longer glass fibers 
are easier to be fractured during sliding, especially those with a part of 
fiber protruding onto the surface. The fracturing of glass fibers will 
introduce exposed sharp edges and broken glass pieces on the wear track 
of the composites and thus more abrasive wear on steel.  
  
Fig. 5.8 (a & b) SEM micrographs showing two representative cases of 
fractured glass fibers in the GF sample and the Long-GF sample, after sliding 
against the steel ball for 1500 m, at 20 N load, 20 mm/s speed.  
5.3.2 Reinforcing effect 
5.3.2.1 Effect of the particle concentration 
Fig. 5.9a shows that the mechanical properties of the composites are 
closely related to the concentration of the glass spheres. As the 
concentration increases, both the compressive modulus and the 
compressive strength of the composites increases. It is due to the fact that 
more reinforcing fillers in the composite can transfer stress and 
stop/deviate cracks more efficiently. It should be noted that a 





self-lubricating composites, because not only the abrasiveness is too high 
but also the mechanical properties could be weakened if the vol.% of 
matrix is too low [26, 27].  























































































Fig. 5.9 Measured compressive strength and compressive modulus of (a) 25 
wt.%, 37.5 wt.% (HG) and 50 wt.% partly hollow glass spheres reinforced epoxy 
composites, as well as the 1 wt.% nano-SiOx epoxy composites (two blue 
scattered dots); (b) glass fibers reinforced epoxy composites with different 
average fiber length, as well as the CF sample (two blue scattered dots).    
5.3.2.2 Effect of the particle size 
As shown in Table 5.4, it seems that the particle size in the range of 8 to 80 
µm has little effect on the mechanical properties of the composites. A 
similar result in a glass particle/epoxy system was reported by 
Spanoudakis et al. [28]. The size effect will be visible if the size of fillers 
goes to the nm scale, because their high surface area-to-volume ratio will 
have a high stress-transfer efficiency and consequently a high reinforcing 
effect. It is seen in Fig. 5.9a that the 1 wt.% nano-SiOx filled composite 
yields clearly better mechanical properties than the HG sample without 
the nano-filler.  
5.3.2.3 Effect of the glass fiber length  
As presented in Fig. 5.9b, the samples reinforced with longer glass fibers 
show a higher compressive modulus. Cox already stated that the applied 
load is transferred from matrix to the fibers through interfacial shear 
stress, with maximum at the fiber ends and zero in the middle [29]. 
Therefore, the tensile stress is zero at the ends and maximum in the 
middle, meaning the maximum tensile stress the fiber could carry is 
related to the fiber length. As regarding the compressive strength, the 
compressive strength of the GF sample and Long-GF sample are similar, 




and higher than that of the Short-GF sample. The result indicates that 
longer glass fibers have a better reinforcement effect than the shorter ones.  
Table 5.4. Compressive modulus and strength of various epoxy composites.  




HG 3.43±0.22 75.7±1.0 
S 3.62±0.07 78.6±0.6 
M 3.58±0.12 74.3±5.1 
L 3.61±0.28 74.5±1.3 
CF 4.24±0.05 89.4±0.7 
GF 3.56±0.22 80.6±0.8 
Short-GF 3.47±0.10 77.2±2.4 
Long-GF 3.64±0.23 80.1±0.7 
5.3.2.4 Milled carbon fibers  
In this study, the highest compressive modulus and compressive strength 
are found in the CF sample, much higher than the GF sample, as shown in 
Fig. 5.9b. This is attributed to a higher modulus and strength of carbon 
fibers than glass fibers [30]. However, a drawback of the milled carbon 
fibers in the epoxy composites is the fairly high abrasiveness to the 
counterpart steel ball. Therefore, milled carbon fibers could be a perfect 
filler for the mechanical purpose, but not necessarily a good filler for self-
lubricating epoxy composites. A harder counterpart than the 100Cr6 steel 
may be required to achieve a stable sliding system in the case of milled 
carbon fibers being used in self-lubricating epoxy composites. 
5.3.3 Nano-composites  
As shown in Fig. 5.9a, the 1 wt.% nano-SiOx filled composite yields 
evidently better mechanical properties than the HG sample without the 
nano-filler. The abrasiveness of this sample is similar to the HG sample, 
because there is also hardly any scratch on the wear scar of the steel ball 
(light image is not shown here). This offers a way to further improve the 
mechanical properties of the epoxy composites without causing an evident 
wear on the counterpart steel ball. 
The frictional and wear performance of 1 wt.% nano-fillers reinforced 
Epoxy 6078 composites is shown in Fig. 5.10. It is seen that the wear rates 
of all the nano-composites are evidently less than that of the HG 
composite without nano-fillers. The CoF values of all the samples are fairly 





improve the mechanical and tribological performance of the epoxy 
composites. There is no clear increase of abrasiveness of the composites 






























CNTSi3N4    HG 
sample  
Fig. 5.10 The average CoFs and wear rates of the nano-composites as well as 
the HG sample, sliding against the steel ball under 40 N load, 5 cm/s speed for 
1000 m. 
The effect of concentrations of nano-fillers is also investigated on the 
Epoxy 25036 composites. It is found that as the concentration of nano-
fillers increases, the hardness of the composites increases, as shown in Fig. 
5.11. While the wear rate of the composites decreases with increasing 
nano-TiC content, the wear rate of the composites shows an increase as 
the nano-Al2O3 increases from 3 wt.% to 5 wt.%. The difference may lie in 
a difference degree of agglomeration of nano-fillers. It was reported the 
tensile strength and tensile modulus of polypropylene composites were 
enhanced by adding nano-Al2O3 up to 4 wt.%, while they were reduced as 
the content of nano-Al2O3 increased from 4 wt.% to 5 wt.% [31]. It is 
possible that the density of TiC is higher than Al2O3, meaning less volume 
of nano-TiC in the composite, which could lead to less tendency of 
agglomeration of the 5 wt.% nano-TiC sample. Regarding the frictional 
performance, the CoF only slightly increase as the concentration of nano-
fillers rises (shown in Fig. A5 in Appendix 2). There is no sign of an 
evident increasing of abrasive wear on the steel ball surface with an 
increasing content of nano-fillers up to 5 wt.%. Considering the high cost 
of nano-fillers, it is therefore recommended not to add more than 5 wt.% 




nano-fillers in the epoxy composites. After all, the reduction of wear rate 
from 1 wt.% to 5 wt.% nano-fillers is not significant. 



















































Fig. 5.11 (a) Average hardness (12 measurements) and (b) wear rates of the 
nano-composites as well as the HG sample, sliding against the steel ball under 
60 N load, 5 cm/s speed for 1000 m. 
5.4 Conclusions 
By studying the CoF, light images, confocal and EDS results of worn 
surfaces of the glass particles and glass/carbon fibers filled epoxy 
composites and the 100Cr6 steel balls, it is revealed that the size and 
surface adhesion property of the fillers both affect the abrasiveness of the 
PTFE-epoxy composites. The following conclusions are drawn: 
1. Epoxy composites with a larger size of glass spheres give rise to a 
higher abrasive wear on the steel ball, while the difference is not 
significant when the average size is below 50 µm. The abrasiveness 
of the glass spheres in the epoxy composites follows the order of L 
(79 µm) > M (50 µm) ≈ S (27 µm).  
2. The abrasiveness of the milled glass fibers filled composites 
increases with the average length of the glass fibers. The milled 
carbon fiber reinforced sample is more abrasive than the milled 
glass fiber reinforced sample with a similar fiber length. 
3. The mechanical properties enhance with an increasing amount of 
glass fillers. Longer glass fibers are beneficial to yield better 
mechanical properties of the composites. Although the milled 
carbon fiber reinforced sample causes abrasive wear on the steel 
ball surface, its mechanical properties are much better than the 





4. Adding 1 wt.% nano-fillers offer further improvement of the 
tribological and mechanical performance of the composites. 
Adding more than 3 wt.% nano-fillers does not necessarily yield a 
better performance. 
5. To achieve a low wear rate of the steel ball counterpart as well as 
the composite, it is suggested to fill it with 25 wt.% - 37.5 wt.% 
solid glass spheres of average size smaller than 40 µm, and with 
few wt.% nano-fillers. 
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Structural Changes in 
Polytetrafluoroethylene* 
In this chapter, the influence of dry sliding between a steel 
counterpart ball and polytetrafluoroethylene (PTFE) plate sample on the 
transformation of PTFE molecular structure is investigated. With X-ray 
diffraction, differential scanning calorimetry, Fourier transform infrared 
(FT-IR) spectroscopy and Raman spectroscopy, the crystallinity of PTFE 
wear debris is revealed to be higher than that of the original PTFE sample 
due to shear-induced ordering during sliding. The different morphologies 
of the PTFE transfer film from the original PTFE and the wear debris 
observed with SEM suggests that some properties have been changed in 
the transfer film. According to FT-IR analysis, part of the PTFE chains in 
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Polytetrafluoroethylene (PTFE) is well-known for its chemical inertness 
and lubrication action. It is a high-molecular-weight polymer consisting of 
carbon and fluorine in the form of (-CF2-CF2-)n. PTFE shows a helical 
molecular conformation up to about 150°C, with its chain resembling a 
rigid, cylindrically shaped tube with a smooth surface. Below 19°C, PTFE 
phase II has a 136 helix conformation (defined mathematically as a non-
commensurable helix close to a 13/6 conformation of six turns per 13 (CF2) 
groups), with a twisted zigzag arrangement. Above 19°C, PTFE undergoes 
a crystal-to-crystal phase transformation to phase IV, which is 
characterized by a 157 helical conformation. PTFE can be regarded as a 
semi-crystalline polymer material, implying a certain long range order of 
the molecular chains. In the crystalline regions of PTFE the CF2 units fold 
into an ordered lamellae and bands. Due to the low activation energy of 
the slippage of lamellae in PTFE bands [1], a PTFE transfer film can be 
easily formed on sliding contact via the destruction of the PTFE structure, 
which leads to very low friction. The PTFE molecular chains intertwine in 
the amorphous region, where most of the molecular defects (e.g., 
chainfolds, entanglement, end caps, CF radicals) exist [2,3]. 
In Fig. 5a & 6a of Chapter 3, it was found that “micro-fibrils” in some 
parts of PTFE were deformed and smeared so that they were reoriented 
into the sliding direction, which could be a sign of change in the PTFE 
molecular structure. Under dry sliding various factors can influence the 
PTFE molecular chains, such as shear deformation, flash temperature and 
the adhesive forces. When sliding under high contact pressure (>50 MPa) 
it is possible that these factors lead to changes of long-range order and 
conformation in the structure. For instance, Khedkar [4] found a higher 
degree of crystallinity present in the wear debris than the original PTFE. 
However, Biswas [5] measured a lower crystallinity in the wear debris than 
the original PTFE with differential scanning calorimetry. The previously 
reported results are not consistent. The conformational change of the 
PTFE chains were reported when PTFE materials were subjected to very 
high pressure [6] or certain strains [7]. Notwithstanding that considerable 
work was executed in studying the PTFE transfer films, the research was 
mainly focused on the chemical compositions [ 8 , 9 ], bonding [ 10 ], 
influence of temperature on transfer and friction [11], and the modeling of 
the transfer process [12].  





Here, our work is aimed at studying the sliding-induced crystallinity 
changes in the PTFE wear debris and conformational changes of PTFE 
molecular chains in both wear debris and transfer film.  
6.2 Experimental 
The as-polymerized PTFE samples, Zonyl MP1000 PTFE powder (DuPont) 
and Aldrich PTFE powder with crystallinity up to 95% were employed as 
reference samples for crystallinity measurement. Commercial PTFE plate 
sample of 2 mm thickness was used for tribological tests, and the 
counterpart was ø13 mm 100Cr6 bearing ball of surface roughness around 
50 nm (60 µm cutoff, 705×728 µm image size). In order to make a 
comparative study of the change in crystallinity in the wear debris of the 
initially low crystallinity PTFE sample, the original PTFE plate sample was 
annealed at 370°C for 5 minutes in N2 and quenched into room 
temperature water. Uniaxially deformed PTFE samples were obtained with 
the elongation of a PTFE dog-bone and compression of the PTFE plate 
sample between two flat steel plates. 
Tribo-tests were carried out using a ring-on-disk tribometer under 
rotational sliding at room temperature. The flat PTFE sample (rotational 
motion) was used to slide against the bearing steel balls (static part). The 
normal load applied was 60 N and sliding velocity was 20 mm/s. Relative 
humidity was controlled at 35 ± 2%. The wear debris, which piled up in the 
wear track or produced next to the wear track, was collected after tribo-
tests. In order to study the effect of different loads, tribo-tests with a load 
of 1 N were carried out as well. 
X-ray diffraction (XRD) was performed with a “Bruker D8 Advance” 
X-ray diffractometer using Cu Kα radiation, operating at 40 kV and 40 mA. 
The 2 theta scan range was between 10-90°. Differential scanning 
calorimetry (DSC) was performed using a DSC 2920 of TA-Instruments in 
nitrogen. The measured temperature range was 200-380°C at heating rate 
20 °C/min. The morphology of the PTFE samples were characterized by an 
environmental scanning electron microscope (XL30 ESEM-FEG, Philips) 
operating at 3.5 kV acceleration voltage, after being sputtered with a thin 
layer of Au to avoid charging. 
Attenuated total reflection Fourier transform infrared (ATR FT-IR) 
spectroscopy was carried out on a Bruker IFS88 FT-IR spectrometer 
equipped with a MCT-A detector, averaged with 50 scans at a resolution of 






crystal as well as the angle of incidence beam, the penetration depth of the 
infrared beam is normally between 0.5-2 µm. Raman spectroscopic 
analyses were performed on a Horiba T64000 spectrometer excited with a 
Krypton laser of wave length 647 nm. 
6.3 Results and Discussion 
6.3.1 Crystallinity of PTFE wear debris 
The crystallinity of the various PTFE samples was measured with different 
methods: X-ray diffraction (XRD) [13], differential scanning calorimetry 
(DSC) [14], FT-IR [15] and Raman spectroscopy [16]. The XRD and DSC 
methods are conventional, whereas the other two vibrational spectroscopic 
methods are rarely used to measure the crystallinity of PTFE materials.  











































Fig. 6.1 (a) The XRD spectra of various PTFE samples. The inset shows a 
magnified portion of the main graph. (b) The deconvolution of the 18.1° peak of 
the quenched PTFE sample, fitted with Lorentzian function. The area of the red 
fitting peak is considered as the shoulder area. 





The XRD results are shown in Fig. 6.1a. All the PTFE samples show a 
strong peak at 2-theta of around 18°, indicating a long-range order in (100) 
lattice plane. The shoulder to the left of the peak is associated with some 
short-range orderings in the amorphous PTFE [13]. The deconvolution of 
the peak of quenched PTFE sample is shown in Fig. 1b, fitted with 
Lorentzian function. The ratio of the area of the crystalline peak and the 
total area of the peak at around 18° is used to calculate the crystallinity of 
the PTFE samples. The deconvolution of the peak is illustrated in Fig. 6.1b. 
The calculated results are listed in Table 6.1, together with the results 
measured with DSC. In the DSC method, the heat of fusion of all PTFE 
samples are measured, which is assumed to be proportional to the 
crystallinity of PTFE. The heat of fusion of 100% crystalline PTFE is 
adopted as 70 J/g [17]. Despite the relative lower crystallinity values 
measured with DSC, the results agree among each other. It is found that 
the crystallinity of the PTFE wear debris is much higher than that of 
original PTFE sample. 









by DSC (%) 
original PTFE plate 18.6±0.1 56.6 35.1 50.1 
quenched PTFE plate 18.3±0.1 37.2 18.2 26.0 
wear debris      
   from original PTFE 18.0±0.1 83.6 51.7 73.8 
   from quenched PTFE 18.1±0.1 86.9   
PTFE wear track 18.6±0.1 57.5 N/A N/A 
MP1000 powder 18.1±0.1 91.3 55.9 79.6 
Aldrich PTFE powder N/A N/A 50.7 72.4 
In the XRD measurements shifts of diffraction peak position are 
found in different samples. It is reasonable that the compression molded 
original PTFE sample has lightly reduced lattice parameters than the “as-
polymerized” MP1000 PTFE. The peak position (18.1°) of MP1000 PTFE 
agrees with the value in the database of powder diffraction file (#54-1594). 
In the wear debris, the peak shifted to a slightly smaller value, which is 
comparable with that of the MP1000 PTFE powder. This is ascribed to the 
lattice expansion due to the tensile strain during the sliding. In the inset of 
Fig. 6.1, a small side peak (≈18.2°) is observed in the XRD spectrum of the 






fraction of the surface of the PTFE sample, due to the large penetration 
depth of X-ray than the thickness of the sliding-influenced layer. 









































Fig. 6.2 The absorption FT-IR spectra of various PTFE samples. The inset 
graph shows a magnified portion of the main graph between 820 and 700 cm-1. 
FT-IR and Raman spectroscopic analyses have been used to measure 
the crystallinity of PTFE [15, 16]. However, there is no systematic study of 
the comparison of the various methods. In the FT-IR method, it has been 
widely reported that the peaks in 700-800 cm-1 were assigned to the 
vibrational modes in amorphous PTFE, while the peaks at 1150 and 1205 
cm-1 to the E1 or A2 of stretching vibration of CF2 bonds [18, 19, 20]. Miller 
et al. [19] and Moynihan [20] both found that the infrared-peak intensity 
of amorphous bands decreases with an increase of crystallinity in PTFE or 
polyethylene. Moynihan assigned (or proposed) the amorphous bands to 
vibration entities of trans, trans; trans, gauche etc. configurations in the 
polymer, each of which has different frequencies and different selection 
rules. Therefore, bands peculiar to the amorphous material can appear in 
the infrared spectrum [20]. Similarly, Miller et al. also considered that the 
amorphous band of polyethylene arises from the wagging modes of trans 
and gauche forms in the liquid state, the multiplicity of rotational isomers 
possibly all absorbing at nearly the same frequency [19]. In Fig. 6.2, it is 
found that, all other PTFE samples have similarly strong peak at 1150 and 
1203 cm-1, except the PTFE transfer film which has very weak peaks there. 
After being normalized at the 1150 cm-1 peak, different peak intensity at 
around 780 cm-1 are found, as highlighted in the inset of Fig. 6.2. A simple 
method used in this work to estimate the crystallinity of PTFE is to 





compare the ratio of the absorption intensity of two peaks, I(780)/I(1150). 
The calculated results are listed in Table 6.2. In order to make a 
comparison of the crystallinity among different PTFE materials, the 
crystallinity value of the quenched PTFE sample is adopted from the XRD 
result, and the 100% crystalline PTFE sample is assumed to have no peak 
at 780 cm-1. As it can be seen, the crystallinity values estimated with the 
ATR FT-IR spectroscopic method are consistent with the values obtained 
from the XRD and DSC methods. 









original PTFE sample 9.4 56.8 52.6 
quenched PTFE sample 13.7 37.2 * 37.2 * 
wear debris 
from original PTFE 4.9 77.3 80.4 
from quenched PTFE 4.7 78.3  
wear track 10.1 53.9 54.1 
MP1000 PTFE powder 2.9 86.9 94.0 
Aldrich PTFE powder 6.1 72.0 84.5 
* The value of quenched PTFE was adopted from the XRD results for calculation. 
It is noteworthy that the crystallinity of PTFE wear track is nearly the 
same as that of the original PTFE plate sample. The penetration depth of 
infrared beam is estimated to be about 1-1.7 µm for the incident light in the 
range of 700-1200 cm-1. It is likely that the detected ATR FT-IR signal in 
the wear track may partly come from the original PTFE underneath the 
sliding-influenced PTFE. 
Further confirmation was in accordance with Raman spectroscopy as 
shown in Fig. 6.3a. In the Raman spectra of PTFE samples, the strong 
peak at 733 cm-1 is assigned to the stretch of CF2 bonds [21]. The left 
shoulder of this strong peak is likely associated to the vibration of CF2 in 
amorphous PTFE. Lehnert et al. [16] found the similar “band tailing” of 
Raman peaks of PTFE samples with different crystallinities. After ruling 
out the possibility of “hot” bands, overtone bands and combination bands, 
they anticipated that the “band tailing” is caused by sequences of CF2 units 
with irregular conformations that are located in the entanglements, 






around 742 cm-1 is observed as well, which is assigned to the E2 νa(CF2) 
vibration mode. [21, 22] As shown in Fig. 6.3b, the ratio of the peak areas 
A(733)/A(total) is used to estimate the crystallinity. Similar with ATR FT-
IR method, the left shoulder of spectrum of the 100% crystalline PTFE is 
assumed to be zero, and the crystallinity of the quenched PTFE sample 
measured with XRD is taken as a reference. A higher crystallinity in the 
wear debris than the original sample is measured as well. The crystallinity 
values of other samples are also in agreement with the previous results, 
which suggest the usefulness of this method. 
Therefore, the higher crystallinity in the wear debris than the original 
PTFE sample is further confirmed. In general, the XRD method gives the 
highest crystallinity values, while the DSC method the lowest. 








































Fig. 6.3 (a) Raman spectra of various PTFE samples. The curves are smoothed, 
baseline corrected and normalized at peak 733 cm-1. (b) The deconvolution of the 





732 cm-1 peaks of the quenched PTFE sample, fitted with a Lorentzian model. The 
area of the red fitting peak is considered as the shoulder area. 
 
Fig. 6.4 SEM micrographs of (a) the original PTFE sample, (b) the wear debris 






m, under 60 N, 20 mm/s. The arrow indicates the relative moving direction of 
the steel ball. 
Since different amounts of crystallinity in the PTFE samples were 
found, it is tempting to know their morphologies at a micro-scale. The 
surface morphology of the original PTFE sample is shown in Fig. 6.4a. 
With a careful observation, some submicro-fibrils surrounded by matrix 
can be observed on the surface of the original PTFE sample.  
In the wear debris (shown in Fig. 6.4b), lots of submicro-fibrils with 
diameter of about 100 nm are clearly observed. According to the measured 
crystallinity, this observation suggests a high content of crystalline PTFE 
in the submicro-fibrils. Most submicro-fibrils in the wear debris are 
arranged in a certain ordering, which is attributed to the sliding induced 
alignment of PTFE molecular chains and crystal bands.  
The topmost surface of the wear track can be considered as a transient 
state between bulk PTFE and wear debris. In the wear track (Fig. 6.4c), 
several scratches caused by the abrasions of the steel asperities are 
observed. In comparison with the original PTFE surface, the existence of 
the submicro-fibrils is more evident in the wear track. The partly scratched 
wear track may imply that parts of the crystalline PTFE in the surface of 
the wear track have their lattice expanded, which could be correlated with 
the small left-side peak found in the XRD spectrum of the wear track 
(shown in Fig. 6.1a). 
6.3.2 Reasons for the increase of crystallinity  
Sliding-induced alignment of the PTFE submicro-fibrils was found in the 
wear debris, which could be an important reason for the increase of the 
crystallinity. Two possible reasons could account for the higher 
crystallinity in the wear debris: (1) sliding-induced long-range ordering of 
the amorphous PTFE; (2) preferential transfer of amorphous PTFE onto 
the steel counterpart. In this section, the role of these two possible reasons 
is examined. 
Although the quenched PTFE sample exhibited substantially lower 
crystallinity than the original PTFE plate sample, the crystallinity of the 
wear debris was found to be almost the same as the crystallinity of the 
wear debris generated from the original PTFE plate, as shown in Table 6.1 
and 6.2. These experimental observations indicate a shear-induced long-
range ordering of PTFE materials under sliding. With the combination of 
the AFM and SEM techniques as reported in our previous work [23], the 





thickness of the transfer films was measured after a gentle scratch was 
made with a razor blade. In this work, we found similar average thickness 
values (both near 50 nm) of the transfer films from the original and 
quenched PTFE on the wear scar of the steel balls, after sliding for 50 m. 
Thus, similar amounts of the PTFE were transferred. Moreover, the 
volume ratio of the transfer film to wear debris is very low, less than 1%. 
Preferential transfer of the amorphous PTFE alone could not cause such a 
dramatic increase of the crystallinity. Therefore, a sliding-induced 
ordering must be the primary mechanism for the increase of the amount of 
crystallinity. 
However, we still cannot rule out the possibility of preferential 
transfer of the amorphous regions of PTFE. Molecular defects in the 
amorphous regions of PTFE may lead to chemical bonding to the steel 
surface, i.e. resulting in a higher adhesion to the steel than the crystalline 
PTFE with only physical adsorption present via long-range van der Waals 
interactions. Through temperature variation, Yang et al. found that the 
adhesion between PTFE and steel increased with higher amorphous 
content [2]. However, after sliding for a very short distance (0.5 m), we 
could not find significantly higher amount of the transferred PTFE from 
the quenched sample with SEM observations of the wear scars (not shown 
here). 
A fairly low sliding speed (20 mm/s) is used which is not considered 
to lead to a significant temperature rise in the near surface region. To 
minimize the effect of temperature rise, a few tribo-tests were performed 
using a 1 N load, whilst keeping the other conditions constant. The 
measured crystallinity in the wear debris s also quite high, around 78.2% 
from the ATR FT-IR method. To cover a wider range of the sliding 
conditions, in some tribo-tests a higher sliding speed of 300 mm/s was 
applied keeping the other conditions unchanged. A high crystallinity was 
also measured in the wear debris. Therefore, within the range of the 
pressure×velocity values between about 0.02 and 18 MPa×m/s, a higher 
crystallinity in the PTFE wear debris than the original PTFE sample was 
found .  
During sliding, three forces (shear, tensile and compressive) 
influenced the PTFE molecules. To study the effect of the tensile and 
compressive forces on the change of the crystallinity, the crystallinity of 
the uniaxially deformation PTFE samples were measured with XRD and 






compressed PTFE (40% and 70% compressive strain) samples all have 
similar or slightly lower crystallinity values than the original PTFE sample. 
Therefore, it is anticipated that the increase of the crystallinity of PTFE 
during sliding is due to the high local shear. In various polymer melts, 
shear-induced long-range ordering (or flow-induced crystallization) has 
been proved [24, 25, 26]. In this work, it is found in the solid PTFE shear 
could induce the long-range ordering as well. 
To sum up, the increase of crystallinity of PTFE during sliding is 
mainly attributed to the shear-induced long-range ordering process. The 
preferential transfer of the amorphous PTFE is still possible, but its role in 
the increase of crystallinity is minor. 
6.3.3 PTFE transfer films 
PTFE transfer films, no matter physically absorbed or chemically bonded 
to the steel counterpart, are subjected to large forces (e.g. shear force, 
compressive force), before being pushed out as wear debris. 
Configurational and conformational changes in the PTFE molecular chains 
could take place especially in the transfer film which might stay in the 
sliding interface for a long time. In this section, the transfer film refers to 
the transfer film of the original PTFE sample in the 60 N load tribo-tests, 
otherwise specified in the text. 
After sliding for a very short distance (0.5 m), lots of submicro-fibrils 
containing PTFE bands and a few PTFE flakes (Fig. 6.5a) are found in the 
transferred PTFE. Randomly oriented submicro-fibrils, parts of which are 
sheared into the thin film, are seen in the transferred PTFE bands (Fig. 
6.5b). According to the aforementioned results, the submicro-fibrils PTFE 
should have a high long range ordering. The transferred PTFE film gradu- 
  





Fig. 6.5 SEM micrographs revealing (a) the transfer film from the original 
PTFE after sliding for 0.5 m and (b) the magnified image of area indicated in (a). 
The arrow indicates the relative moving direction of the PTFE sample. 
ally lost its fibrous feature when being sheared into the extremely thin film 
(<10 nm). The crystalline structure of PTFE has been investigated by Bunn 
et al. [ 27 ] and Speerschneider et al. [ 28 ]. They suggested that the 
individual units (crystalline bands) in the structure are from 10 to 100 µm 
long and from 0.2 to 1 µm wide. These units consist of slices about 20 nm 
thick, each slice being separated from its neighbor by poorly crystalline or 
amorphous regions. The extremely thin film suggests that the long range 
ordering might be partly destroyed in the transfer film, with crystalline 
bands and slices being breaking up. 
After sliding for 50 m, the transfer films are found covering the whole 
wear scar, with average thickness around 50 nm. With a careful 
observation in Fig. 6.6a & 6.6b, a few thin fibrils (about 20-30 nm 
diameter) aligning parallel to the sliding direction are seen on the thick 
parts of the transfer film (more evident in Fig. 6.6b). The slightly different 
morphologies of the transfer film observed in Fig. 6.6a & 6.6b imply the 
inhomogeneity of the transfer film. The different morphologies of the 
PTFE in the transfer films from the wear debris and original PTFE 
samples indicate some altered properties of the PTFE in the transfer film. 
  
Fig. 6.6 SEM micrographs of the transfer films from the original PTFE, after 
sliding for 50 m under 60 N load. (a) and (b) are taken at different locations of 
the transfer film. The arrows indicate the relative moving direction of the PTFE. 
The SEM micrographs can show the morphologies, but not the 
structural information of the PTFE chains in the transfer films. ATR FT-IR 






transfer films. In order to have a good contact between the transfer film 
and the flat ATR crystal, a flat and smooth surface (around 1 mm diameter, 
55 nm roughness) on the steel ball was made with polishing. Apart from 
this change, the tribo-tests were performed with the same conditions as 
aforementioned. However, the signal was still too weak to give any peak 
between 700 and 800 cm-1. Nevertheless, some interesting results were 
observed in the scan range between 1000 and 1300 cm-1. 
As shown in Fig. 6.7a, different absorption curves were measured at 
various locations of the transfer film, due to the inhomogeneity of the 
transfer films. In most spectra, two peaks at around 1150 and 1203 cm-1 
were found, similar with the previous ATR FT-IR spectra used for the 
calculation of crystallinity. An interesting finding was that an evident peak 
at around 1254 cm-1 was found in the spectra of the transfer films and 
some spectra of the wear debris (shown in Fig. 6.7a and 6.7b). In few 
spectra, a fairly small peak at around 1164 cm-1 was observed (e.g. scan 2 
in Fig. 6.7a). The assignment of 1150 and 1203 cm-1 peaks was consistent 
with the work of Liang and Krimm, Piseri et al. [18, 29].  
However, the two peaks at 1254 and 1164 cm-1 were unresolved, and 
were not found in the spectrum of the clean steel ball surface. The two 
unresolved peaks may indicate an inconsistency with the helical 
conformation of the linear PTFE molecules. An explanation of the 
appearance of the two unresolved peaks might be the distortion or change 
of the helical conformation of PTFE. Akavoor et al. [30] also found the 
1254 cm-1 peak and suggested that the friction transfer films of PTFE had 
at best a distorted helix and possibly a planar-zigzag structure. In Fig. 7c, 
it was found that the 1254 cm-1 peak was only observed in the spectra of the 
heavily deformed samples (transfer films and wear debris). Similar 
absorption intensity around 1254 cm-1 (no peak) found in the spectra of 
the original and quenched PTFE samples suggests that this peak is not 
associated with the degree of the long range ordering. By changing the 
counterpart from the steel ball to a TiC/a-C:H coated ball, the 1254 cm-1 
peak was found in the transfer film on TiC/a-C:H coating as well (not 
shown here), ruling out the possibility of Fe-F and Fe-C chemical bonding 
causing the appearance of the 1254 cm-1 peak . Thus, the distortion of the 
chain conformation in the PTFE transfer film due to the sliding seems to 
be a reasonable explanation. 
PTFE molecular chains have a helical conformation, instead of the 
planar-zigzag conformation in polyethylene, due to the larger van der 





Waals radius of the fluorine atoms relative to the hydrogen atoms. With 
exposed to large local shear during sliding, the molecular chains were 
distorted, which could lead to a conformational change. Therefore, it is 
























































































Fig. 6.7 The ATR FT-IR adsorption spectra of (a) the PTFE transfer films on the 
flat steel surface and (b) the wear debris after sliding for 50 m under 60 N load, 
(c) various PTFE samples. In (b & c), the spectra of the PTFE samples were 
measured with a light clamping force. 
 
possible that a fraction of the PTFE in the transfer film and part of the 
wear debris have a distorted helix or even a planar-zigzag structure. Wool 
et al. [31] calculated that the large shift of infrared frequency could happen 
due to the conformational change of the polymer chains. Wu et al. [32] 
also observed about 40 cm-1 shift to a higher wave number of the 580 cm-1 
Raman peak of the PTFE sample with pressure high than 7.5 Kbar, which 
was ascribed to the conformational change into a planar-zigzag structure 
(phase III). The strain induced phase transition (to a planar-zigzag 
conformation) was suggested by Brown et al. [7], according to the results 
of in situ neutron diffraction under applied uniaxial strain of PTFE. Thus, 
the transition to the planar-zigzag conformation could be a possible result 
during the repetitive sliding. 
Another interesting finding was the shift of the peaks in Fig. 6.7c. The 
positions of the two peaks were similar in the spectra of the transfer films, 
wear debris and MP1000 PTFE samples, but having a shift of ≈15 cm-1 for 
the right peak in comparison with the spectra of the original and quenched 
PTFE samples. The shift of infrared peaks due to the mechanical stresses 
were already observed and investigated in earlier publications [31, 33, 34]. 
It was anticipated that the shift of the two peaks in this work was due to 
the residual stress or strains in the PTFE samples. The uniaxially 
deformed PTFE samples were also analyzed with ATR FT-IR, the spectra 
of which are shown in Fig. 6.8. It was found that the right peak of the 300% 
elongated sample shifted to a higher wave number, approaching that of the 
transfer film and the wear debris, while the right peak of the 70% 
compressed sample slightly shifted to a lower wave number. The larger 
shift of the right peak found in the transfer film and the wear debris 
implies the higher local stresses or strains in the sliding interface. No peak 
around 1254 cm-1 could be found in the spectra of the uniaxially deformed 
PTFE samples, which suggests that the 300% tensile (close to the point of 
elongation at break) and 70% compressive deformation may not be 
enough to cause the conformational change of PTFE chains. It should be 
mentioned that the 1254 cm-1 peak is not found in other uniaxially 
deformed PTFE samples either (40% and 180% tensile strain, and 40% 





compressive strain). This result further implies that the PTFE chains at the 
sliding interface during repetitive sliding could be subjected to a much 
higher deformation and distortion.  


























Fig. 6.8 The ATR FT-IR adsorption spectra of uniaxially deformed PTFE samples 
and the transfer film and wear debris. The uniaxially deformed PTFE and the wear 
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Fig. 6.9 The ATR FT-IR adsorption spectra of (a) the transfer film from the 1 N load 
tribo-tests and (b) the wear debris from the 1 N load tribo-tests. The dashed spectra 
are adopted from Fig. 6.7 of the transfer film and wear debris formed in sliding 
under 60 N load. 
To further check this hypothesis, the load of the tribo-tests between 
the original PTFE sample and the steel balls was reduced to only 1 N. In 
the low load (1 N) tests, the ATR FT-IR spectra of the transfer films also 
showed an evident peak at 1254 cm-1 (as shown in Fig. 6.9a). However, in 
average the relative intensity of the peak I(1254)/I(1205) (≈0.8) was lower 
than that (≈1.3) of the transfer films in the high (60 N) load tests. Similarly, 
the 1254 cm-1 peak, which was observed in some spectra of the wear debris 
in the high load tests, could hardly be seen in the spectra of the wear 
debris in the low load tests (Fig. 6.9b). According to the similar values 
(≈0.095) of the coefficient of friction, the tangential forces in the high and 
low load tests are about 5.7 N and 0.095 N, respectively. This suggests that 
the local shear in the low load tests may still be high enough to cause some 





conformational change of the PTFE chains, but the change is less than in 
the case of the high load tests. However, the crystallinity of the wear debris 
in the low load tests is similar with that in the high load tests (78.2% from 
ATR FT-IR, and 84.2% from XRD). The similarly high crystallinity values 
of the wear debris from the low and high load tests imply that the local 
shear needed to increase the long range order is lower than that to cause 
the conformational change of the PTFE chains.  
With the results obtained from SEM and ATR FT-IR, few hypotheses 
of the transfer film are made: 1) the PTFE transfer films do not show the 
submicro-fibrils morphology after being sheared into the extremely thin 
film, indicating the loss of long range order; 2) the appearance of the two 
unresolved peaks in the transfer films and wear debris is associated with 
the change of the PTFE chain conformation, maybe into the planar-zigzag 
structure; 3) the local shear needed to increase the long range ordering is 
lower than that to cause the conformational change of the PTFE chains. 
6.3.4 “Debris” near wear scar 
After the tribo-test of the flat surface on the steel ball sliding against the 
PTFE sample (for ATR FT-IR tests), some “debris” piled up next to the 
wear scar are found. At the right side of Fig. 6.10, closer to the wear scar, 
the amorphous “debris”, which could probably be the pushed-out transfer 
film, have evidently different morphology from the “normal” debris at its 
left side. This finding suggests that the transfer film was continuously 
renewed during sliding. The different morphologies of the “debris” next to 
the wear scar further indicate that the PTFE in the transfer film may have 
quite different properties than the wear debris and original PTFE, such as 







Fig. 6.10 SEM micrograph of some debris (right side of the dash line) next to the 
edge of the wear scar. The debris on the left side of the dash line is even further 
away from the wear scar. 
6.4 Conclusions 
In this work, XRD, DSC, ATR FT-IR and Raman spectroscopy were 
employed to study the crystallinity of PTFE samples. XRD provides the 
highest values of crystallinity of PTFE samples, whereas the DSC method 
delivers the lowest values. The ATR FT-IR and Raman spectroscopy are 
found to be useful to estimate the crystallinity of PTFE, provided that a 
reference value is available. The measured crystallinity values from the 
four methods are all consistent with each other. It is confirmed that 
crystallinity of PTFE wear debris is higher than that in the original PTFE 
sample. The main reason that accounts for the higher crystallinity in the 
wear debris is the shear-induced long-range ordering of the PTFE during 
sliding. 
From the SEM observations, it is anticipated that the long-range 
ordering of the PTFE in the transfer film has been partly destroyed. 
According to the ATR FT-IR results, the two unresolved peaks are 
observed in the spectra of the transfer films and wear debris, which are 
associated with the conformational change of the PTFE chains, into a 
planar-zigzag structure. The local shear needed to increase the long-range 
ordering is found to be lower than that to cause the conformational change 
of the PTFE chains.  
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This chapter aims at investigating the influence of metal-F bonding on 
the tribo-performance polytetrafluoroethylene(PTFE)/SiO2/epoxy compo- 
sites under various conditions. Sliding against steel, Al2O3 and Si3N4 balls, 
it is found that the Al2O3 ball exhibits the best tribo-performance. XPS 
results indicate that the formation of Al-F or Fe-F bonding is responsible 
for the different tribo-performance of the steel, Al2O3 and Si3N4 
counterpart balls. It is found that friction can be greatly reduced by two F-
terminated surfaces sliding over each other. In water-lubricated conditions, 
XPS analysis reveals that a thin layer of water molecules at the sliding 
interface with the Al2O3 ball inhibits the formation of PTFE transfer films 
and Al-F bonding, leading to a detrimental effect on the tribo-performance. 
During sliding, the contact pressure is found to influence the reaction 
between steel and PTFE. It is found that under various loads, the total 
amount of PTFE transfer film has a larger impact on the friction behavior 
than the formation of Fe-F bonds.   
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Polytetrafluoroethylene (PTFE) is commonly used as a solid lubricant in 
many composite materials that are used in dry sliding bearings. The tribo-
performance of PTFE filled composites is closely related to the formation 
mechanism, thickness and stability of PTFE transfer films on the 
counterparts. It is generally accepted that a sliding motion between the 
transferred PTFE and the PTFE on the composite surface could greatly 
reduce the friction. In tribo-tests or metal depositions, chemical reactions 
at the metal (or oxide) and PTFE interfaces could lead to the formation of 
metal fluoride bonding [1-6].In the tribo-tests, the metal fluoride bonding 
was found at the interface of the PTFE transfer films and metal (or oxide) 
surface. However, there is hardly any discussion on the effect of the tribo-
chemical reactions the tribo-performance. 
To study the role of both PTFE transfer films and the metal fluoride 
bonding, the transfer films have to be very thin and discontinuous so that 
the effect of metal fluoride bonding can be revealed. In our previous study, 
PTFE/SiO2/epoxy composites with a high concentration of SiO2 particles 
turned out to be very hard and abrasive, which could facilitate formation 
of very thin and discontinuous PTFE transfer films [7]. Therefore, the 
PTFE/SiO2/epoxy composites are used in this work. Steel, Al2O3 and Si3N4 
balls are chosen as the counterpart, which cover a wide range of material 
systems, and a large range of mechanical and physical properties [8]. 
When sliding against PTFE filled composites, these materials may exhibit 
different adhesion to the PTFE film, different wear resistance and different 
activation energies of tribo-chemical reactions. Therefore, the effect of 
both tribo-chemical reactions and transfer films may be revealed via 
studying the tribo-performance of these counterparts. 
When sliding in water-lubricated conditions, Krick et al. [9] and Mens 
et al. [10] measured a lower coefficient of friction (CoF) but a higher wear 
rate of PTFE-based composites in a water submerged experiment than in 
dry conditions. The detrimental effect of water on the wear performance of 
polymer composites was attributed mainly to the inhibition of transfer 
film formation [11-13]. However, Jia et al. found that the wear rate and the 
friction coefficient of PTFE-based composites were lower in water-
lubricated sliding than that under dry sliding, due to the water boundary 
lubrication [14]. The role of water lubrication on the tribo-performance of 
PTFE filled composites could be different in different sliding systems and 




mation of metal-F bonding during sliding has not been studied before.  
The influence of loading conditions on the CoF of PTFE-based 
composites has also been extensively reported in literature. Most of the 
research has concluded that the CoF decreases with increasing load [15-18]. 
Kragelskii explained such a behavior by the elastic deformation of the 
surface asperities [ 19 ]. However, the role of applied load, or more 
specifically the contact pressure, on the formation of metal-F bonding has 
not been examined experimentally. 
The influence of the surface free energy, hardness and hardness over 
Young’s modulus (H/E) ratio of the balls, and metal fluoride chemical 
bonding on the tribo-performance will be analyzed and discussed. The aim 
of this study is to contribute to an in-depth understanding of the effect of 
both PTFE transfer films and metal fluoride bonding on the tribo-
performance. The effect of water lubrication and normal load on the tribo-
performance of PTFE-based composites on the formation of metal-F 
bonding is also investigated.  
7.2 Experimental 
7.2.1 PTFE/SiO2/epoxy composite 
The epoxy- and SiO2-containing powder, Epomet F, was purchased from 
Buehler GmbH. The powder is mainly composed of about 31±2 wt.% epoxy 
resin (CAS: 26265-08-7) and about 65±2 wt.% SiO2 particles (20-100 µm). 
It also contains 1-3 wt.% 2,4,6-tris(dimethylaminomethyl)phenol, 1-2 wt.% 
antimony oxide (Sb2O3) particles (for flame retardant property) and less 
than 1 wt.% carbon black (pigment). The PTFE powder, Zonyl MP 1000 
fluoro-additive, was purchased from DuPont. The two dry powders were 
mixed by rotational mixing for 3 minutes in a clean glass container. 
Thereafter, the glass container with the pre-mixed powders was vibrated 
in a shaker during 40 min. The powder mixture was then transferred to a 
mounting press (Buehler Metaserv Pneumet II) for curing. It was cured at 
about 160 °C for 20 minutes under 0.41 MPa pressure and cooled down 
with water afterwards. The samples were then ground and polished with 
silicon carbide abrasive papers up to 4000 grade. The surface of the 
polished composite was then rinsed with distilled water before tribo-tests.  
The PTFE/SiO2/epoxy composite is referred as the ‘Epomet-PTFE 
composite’. The Epomet-PTFE composite with a certain composition is 
written as ‘Epomet-PTFExx’, where xx denotes the weight percentage of 
the PTFE. The measured average Vickers hardness of the cured pure 




Epomet-PTFE15 have hardness about 62 and 52 HV0.6, respectively. Such 
a hard Epomet-PTFE12.5 composite was found to lead to a very thin PTFE 
transfer film on the sliding counterpart ball, which is advantageous when 
studying the formation of metal-F bonding underneath the transfer film. 
7.2.2 Tribological tests 
Effect of steel, Al2O3 and Si3N4 balls  
The friction and wear behavior of the composites against various sorts of 
balls were studied using a ball-on-disk tribometer under dry sliding 
conditions. For the details of the set-up, reference is made to Chapter 2. 
The counterparts balls used in the tribo-tests are ø13 mm 100Cr6 bearing 
steel, Al2O3 (purity >99%) and Si3N4 balls. The Si3N4 ball contains more 
than 95 wt.% Si and N, less than 5 wt.% Al, Ti and O, measured with EDS. 
The surface roughness (Ra) values of the steel balls are measured to be 
approximately 50 nm (60 µm cutoff, 705×728 µm image size), while the 
Ra values of the Al2O3 and the Si3N4 balls are about 60 nm. The density of 
the steel, Al2O3 and Si3N4 balls are 7.8, 3.9 and 3.3 g/cm3, respectively. 
During sliding tests the counterpart ball stays stationary. Unless otherwise 
stated, the normal load used was 60 N and the sliding velocity was 20 
mm/s.  
In order to study the role of fluoridation of Al2O3 and steel on their 
friction behavior, the Al2O3 ball and 100Cr6 steel disk (Ra≈100 nm) were 
immersed into hydrofluoric acid (2 %) for 16 hours and 1 minute, 
respectively, due to their different reaction rates. Then, they were rinsed 
with distilled water and acetone (3 times). Tribo-tests between the Al2O3 
ball and the 100Cr6 steel disk were performed at 3 N load and 20 mm/s 
velocity with the same tribometer. Tribo-tests between an Epomet-PTFE5 
and fluoridated or untreated Al2O3 balls (both 6 tests) were carried out at 
60 N load and 20 mm/s velocity.  
Effect of water lubrication and normal load 
In the study of water lubrication, Al2O3 balls were used to exclude the 
influence of rusting. During sliding tests the counterpart ball was 
stationary. The standard sliding conditions were 60 N load, velocity of 20 
mm/s. To study the effect of various sliding conditions, in each test only 
one experimental parameter was varied and the others remained 
unchanged. The normal load was set ranging between 0.1 N and 60 N. 
Water lubrication tests were performed with the sliding interface being 




All tests were performed at room temperature (22 ± 2°C) and a 
relative humidity of 35 ± 2% maintained with a feedback controlled flux of 
dry air or water vapor into the protection box.  
Table 7.1 Mechanical properties of the counterpart balls and surface free 

















vs. PTFE vs. epoxy 
100Cr6 
steel 
780 210 0.036 58.3 33.5 24.8 57.0 91.1 
Al2O3 1750 375 0.046 62.3 21.7 40.6 49.2 81.5 
Si3N4 1800 310 0.057 51.7 24.1 27.6 49.8 80.8 
SiO2 
(quartz) 
   66.0 24.1 41.9 51.5 85.1 
PTFE [23]    19.1 18.6 0.5 38.2 57.5 
Epoxy 
[20] 
   43.7 40.7 3 57.5 87.4 
a: The nominal values of elastic modulus of the corresponding commercial 
materials are adopted from literatures [21]. 
7.2.3 Surface free energy and hardness measurement 
Using Dataphysics OCA-15 Goniometer, the static contact angles of the 
100Cr6 steel, Al2O3 and Si3N4 balls were measured with three liquids: 
water, formamide and diiodomethane. Based on the measured static 
contact angles, the corresponding surface tension was calculated according 
to Owens-Wendt approach [22], the numerical value of which is the same 
as surface free energy (SFE) in case of isotropy. The work of adhesion 
(Wadh), which is the work to separate an interface into two free surfaces 
from equilibrium to infinity, can be calculated with their SFEs. The SFEs 
of the balls are measured with contact angle method (as shown in Table.1). 
The Wadh between two contact surfaces is estimated based on the following 
equation [23] (see also Appendix 3): 
ppddtotaltotaladhW 21211221 22 γγγγγγγ +=−+=    (1) 
where γ1, γ2 and γ12 denote the surface free energy of material 1 and 2, and 
their interfacial energy , respectively. γtotal, γp and γd represent the total 
SFE, polar component and dispersive component, respectively. 
A scratch tester (Revetest, CSM) was used to measure the hardness of 




the fixed balls was 6 N. in total five measurements were done on each ball 
so as to obtain an average hardness value. The measured values of SFEs, 
Wadh and hardness are listed in Table 1.  
7.2.4 Characterization of the worn surface 
After the tribo-tests, the morphology of the worn surfaces of the Epomet-
PTFE composites and of the balls was observed using light microscopy and 
scanning electron microscopy (SEM, Philips XL-30 FEG ESEM). For SEM 
observations, a thin Au layer was applied on the surface of the Epomet-
PTFE composites, Al2O3 and Si3N4 balls to avoid charging.  
Confocal microscopy (Nanofocus µSurf) was used to measure the 
surface profile of the worn surfaces of the composites and the balls, for the 
assessment of the wear volume by a Matlab code with an error of ±5% for 
most cases and of ±30% for the balls having an average wear depth less 
than 1.5 µm. For the calculation of the wear volume of the composites and 
the balls, the average values were obtained with at least two tests after 
sliding for 1000 m.  
XPS was performed to investigate the elemental composition and 
possible chemical bonding on the worn surfaces of the balls, using a 
Surface Science SSX-100 ESCA instrument with a monochromatic Al Kα 
X-ray source (hν = 1486.6 eV). During data acquisition, the pressure in the 
measurement chamber was kept below 2 × 10−7 Pa. The diameter of the 
analyzed area was 600 μm. Freshly prepared samples were used for all the 
measurements. Energy dispersive spectroscopy (EDS) was used to analyze 
the elemental composition on the worn surfaces, with a 3.5 kV acceleration 
voltage. To obtain the average elemental composition on the worn surfaces 
of the composites and the balls, at least three scans were executed. The 
scanning areas were about 465×350 µm2. When studying the third-body 
tribo-layer formed on the worn SiO2 particles, at least 6 scans with small 
scanning areas (≈8×6 µm2) were performed.  
7.3 Results: Effect of sliding against various balls  
7.3.1 Friction and wear rate 
The coefficient of friction (CoF) curves of the tribo-tests are shown in Fig. 
7.1. In the case of the Epomet-PTFE15, the CoFs obtained when sliding 
against both Al2O3 ball and 100Cr6 steel ball are around 0.095 (shown in 
Fig. 7.1a). When sliding against Si3N4 ball, a slightly higher CoF (about 
0.103) is measured in the steady-state. As for the Epomet-PTFE7.5, the 



















































Fig. 7.1 CoF curves of the Epomet-PTFE composites with (a) 15 wt.%, (b) 7.5 wt.% 
PTFE and (c) 0 wt.% PTFE contents, sliding against 100Cr6 steel, Al2O3 and 
Si3N4 counterpart balls at 20 mm/s velocity. 60 N load in (a & b), while 20 N 





1000 m (shown in Fig. 7.1b). When sliding against the steel ball, the CoF is 
low (≈0.10) during the first 500 m sliding, but it increases rapidly to 0.3 
after sliding for 800 m, triggering the emergency stop condition of 
exceeding the maximum tangential force of the tribometer. In the case of 
sliding against the Si3N4 ball, the CoF is around 0.15 in the first 500 m 
sliding, and gradually increases to about 0.28 after sliding for 1000 m. A 
large fluctuation of the CoF value is observed in this case, which is 
probably due to the lack of PTFE lubrication in the sliding interface. In 
short, among the three counterpart balls, Al2O3 counterpart yields the 
lowest CoF value when sliding against the Epomet-PTFE15 and the 
Epomet-PTFE7.5. When sliding against the pure Epomet sample (without 
PTFE) for 1000 m distance, however, the friction of all three counterpart 
balls is much higher (0.5-0.9). The Al2O3 ball yields a slightly higher 
average CoF than the Si3N4 ball, whilst the steel ball shows the highest CoF 
(shown in Fig. 7.1c). 
The wear rates of the composites when sliding against different 
counterparts are shown in Fig. 7.2a. A general trend is that a higher PTFE 
content leads to a higher wear rate of the composites. Among the three 
counterpart balls, the Al2O3 counterpart yields the lowest wear rates of the 
Epomet-PTFE15 and the Epomet-PTFE7.5. When sliding against the steel 
ball and the Si3N4 ball, the wear rates of the Epomet-PTFE15 are similar, 
and the wear rates of the Epomet-PTFE7.5 are also comparable. However, 
as regards the pure Epomet sample, it shows a very low wear rate when 
sliding against the Si3N4 ball and even negative wear values when sliding 
against the steel ball and the Al2O3 ball, attributed to the back transfer of 
the steel and Al2O3 material onto the worn surface of the composite disc. 
As shown in Fig. 7.2b, the wear rates of the counterpart balls are generally 
lower when sliding against the composites with higher PTFE content. In 
all the cases, the highest wear rate is found on the steel ball. The wear rate 
of the Al2O3 ball is higher than the Si3N4 ball only when sliding against the 
pure Epomet sample. In contrast, the wear rates of the Al2O3 ball are the 
lowest among others when sliding against the PTFE filled Epomet-
PTFE7.5 and Epomet-PTFE15. It is noteworthy that the Si3N4 ball has the 
highest hardness and hardness -Young’s modulus H/E ratio among the 
three balls (shown in Table 7.1). It has been shown that a high H/E ratio 
and hardness value are desirable for the improve the wear resistance [24, 
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Fig. 7.2 Wear rates of (a) the Epomet-PTFE composites with 15 wt.%, 7.5 wt.% 
and 0 wt.% PTFE contents and (b) the steel, Al2O3 and Si3N4 counterpart balls, 
after sliding for 1000 m at 20 mm/s sliding velocity. 60 N normal load is used 
for the Epomet-PTFE15 and the Epomet-PTFE7.5, while 20 N normal load is 
used for the pure Epomet sample. 
Sliding against the Epomet-PTFE7.5 at 20 mm/s and 60 N load, the 
Al2O3 ball yields a much better tribo-performance than the Si3N4 ball. To 
check if this difference still holds when sliding at different velocities and 
loads, a tribo-test at 20 mm/s and 5 N load as well as a tribo-test at 200 
mm/s and 40 N load were performed. The friction results are shown in Fig. 
A.7 (see Appendix 2). It is clear that the Si3N4 ball has a much higher CoF 
than the Al2O3 ball in both cases. In addition, the wear rates of the Si3N4 
ball are also higher than the Al2O3 ball in both the cases (not shown here). 
It can be concluded that the Al2O3 ball yields a much better tribo-




To summarize, sliding against the PTFE filled (7.5 wt.% and 15 wt.%) 
composites, the Al2O3 ball exhibits the best tribo-performance, i.e. a low 
CoF and lowest wear rates of the composites and the ball. Although the 
Si3N4 ball has a higher hardness and H/E ratio than the Al2O3 ball, it does 
not necessarily yield a better tribo-performance.  
7.3.2 Wear behavior of the balls 
To investigate the cause for the different tribo-performance of the three 
balls, the worn surfaces of the counterpart balls after sliding for 100 m 
against the Epomet-PTFE7.5 were investigated with light microscopy and 
SEM.  
The worn steel surface is covered with a layer of transfer film, 
especially on the front side of its relative moving direction, as shown in Fig. 
7.3a. The transfer film consists mainly of PTFE, little epoxy and SiO2. On 
the worn Al2O3 surface (see in Fig. 7.3b), hardly any trace of a transfer film 
is seen. With a careful observation, a pitting wear pattern is found as well 
as some polymer debris sitting inside the “craters”. On the worn Si3N4 
surface (in Fig. 7.3c), a trace of transfer film is observed, which partly 
covers the worn surface. It is seen in Table 1 that steel has a higher Wadh 
with PTFE than Al2O3 and Si3N4. This is consistent with the thicker PTFE 
transfer film formed on steel surface than on Al2O3 and Si3N4 surfaces. The 
similar Wadh of the Al2O3/PTFE and Wadh of Si3N4/PTFE interfaces are also 
in accordance with the comparable amount of transferred PTFE on their 
worn surfaces. 
Observations at a micro-scale may help to reveal more information 
about the transfer films. After sliding against the Epomet-PTFE7.5 for 100 
m, SEM images were taken on the worn surfaces of the counterparts. As 
shown in Fig. 7.4a, some parallel scratches and well-adhered polymer 
flakes (dark-grey) are observed on the worn surface of steel ball. On the 
worn Al2O3 surface (see in Fig. 7.4b), pitting-wear generated craters (0.5-
15 µm size) are observed. On the smooth regions surrounding the craters, 
hardly any transfer film is observed. The worn Si3N4 surface is quite 
smooth (see in Fig. 4c-d), showing a wear pattern different from that of 
the Al2O3 ball. At some locations hardly any transfer film is found (Fig. 
7.4c), while at other locations a very thin transfer film is observed (Fig. 4d). 
It should be noted that the brighter dots shown in Fig. 7.4c-d are the 







Fig. 7.3 Light micrographs showing the worn surfaces of (a) steel ball, (b) Al2O3 
ball and (c) Si3N4 ball, sliding against the Epomet-PTFE7.5 composite at 60 N 
load and 20 mm/s velocity for 100 m. (d, e & f) are their worn composite 










Fig. 7.4 SEM image of the worn surfaces of (a) the steel ball, (b) the Al2O3 ball 
and (c, d) the Si3N4 ball, sliding for 100 m distance against the Epomet-PTFE7.5 
at 60 N load and 20 mm/s velocity. The arrow indicates the relative sliding 
direction of the counterpart ball. 
EDS results show about 1.5 wt.% F on the worn steel surface, whilst 
hardly any F peak could be found in the EDS spectra (not shown) on the 
worn Si3N4 surface and on the smooth regions (excluding craters) of the 
worn Al2O3 surface. The amount of transferred PTFE found on the worn 
surfaces of the three balls is also in agreement with the Wadh of PTFE on 
their surfaces (see in Table 1). Without PTFE transfer film, the steel ball 
performs much worse than the Si3N4 ball when sliding against the pure 
Epomet sample (see Fig. 7.2). When sliding against the Epomet-PTFE15 
and the Epomet-PTFE7.5, the larger amount of PTFE transfer film formed 
on the steel ball could explain the comparable tribo-performance of the 
steel ball and the Si3N4 ball. Nevertheless, the amount of transfer film on 




surface. Therefore, this cannot explain its better tribo-performance than 
the Si3N4 ball.  
7.3.3 Wear behavior of Epomet-PTFE composites  
Even at a micro-scale, still hardly any transfer film is observed on the worn 
Al2O3 surface, while a little on the worn Si3N4 surface. The different tribo-
performance of the Al2O3 ball and the Si3N4 ball may be narrowed down to 
two possible hypotheses: 1) different morphologies of the worn composite 
surfaces and different amount of lubricating PTFE on the worn composite 
surfaces (on average) and on the worn SiO2 particles; 2) tribo-chemical 
reactions [26], which influence the tribo-performance. 
To test our first hypothesis, the worn surfaces of the composite are 
studied with light microscopy and EDS. The worn surfaces of the Epomet-
PTFE7.5 sliding for 100 m distance against different balls are shown in Fig. 
7.3(d, e & f). It is seen that when sliding against the steel ball, the worn 
composite surface shows a few parallel scratches, corresponding to the 
parallel scratches observed on the worn steel surface. When sliding against 
the Al2O3 ball and Si3N4 ball, the worn composite surfaces are quite 
smooth (measured with confocal microscopy) and bear a resemblance to 
the original surface.  
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Fig. 7.5 The measured average F content (wt.%) with EDS on the as-polished 
surface, the worn surfaces of Epomet-PTFE7.5 composite and on the worn SiO2 
particles after sliding for 100 m distance against the steel ball, Al2O3 ball and 
Si3N4 ball under 60 N normal load and 20 mm/s sliding velocity.  
After sliding against different balls for 100 m, an EDS quantitative 
analysis is performed on the worn surfaces of the Epomet-PTFE7.5 




SiO2 particles on the wear track. The results are shown in Fig. 7.5. It is 
seen that in all the cases, much higher F wt.% values are found on the 
worn composite surfaces than on the as-polished surface. After sliding for 
100 m, the largest increase of F wt.% on both the worn composite surface 
and the worn SiO2 surfaces is found in the case of sliding against the steel 
ball. When sliding against the Al2O3 ball and the Si3N4 ball, similar F wt.% 
values are measured on the worn SiO2 surfaces. The average F wt.% on the 
worn composite surfaces is slightly higher when sliding against the Al2O3 
ball than against the Si3N4 ball. This is attributed to a higher Si wt.% 
measured on the worn composite surface in the latter case, which 
originates from the back-transferred Si3N4 and the fractured SiO2. The 
similar PTFE contents on the worn composite surfaces suggest that it is 
not the major reason for the different tribo-performance of the Al2O3 ball 
versus the Si3N4 ball. 
7.3.4 Chemical bonding 
To investigate the second hypothesis of tribo-chemical reactions where 
chemical bonds are involved during sliding, XPS analysis was performed 
on the worn surfaces of the balls after sliding against the Epomet-PTFE7.5 
for 100 m. The F 1s XPS spectra are presented in Fig. 7.6a. On the worn 
Al2O3 surface, two F peaks at around 689.0 eV (blue arrow) and around 
685.3 eV (red arrow) are seen, whilst an evident peak at around 689.0 eV 
and a very small peak (if any) at around 685.3 eV are found on the worn 
surface of the Si3N4 ball. On the worn steel surface, a peak at 685.3 eV is 
also observed. A higher binding energy of C-F bonding (≈690.6 eV) in this 
case is probably due to the charging effect of thick PTFE film or debris on 
the worn steel surface [27]. Nasef et al. also found a shift (+2-3 eV) of the 
C-F peak due to charging effect on a 90 µm thick PTFE film [28]. The 
685.3 eV peak suggests the existence of metal-F bonding, while the peak at 
689.0 eV is assigned to C-F bonding in PTFE [1, 2, 29, 30]. The formation 
of Al-F and Fe-F bonding after sliding were also observed with XPS 
previously [3, 31, 32]. Using DFT transition state calculations, Zuo et al. 
found that the energy barrier of defluorination of PTFE is only about 1.0 
kcal/mol [33]. A possible mechanism of chemical reactions that may take 
place between PTFE and metal during sliding was proposed by Gao [4], 
who suggested the formation of metal-F bonding via radical reactions. The 
results indicate that the formation of metal-F bonding on the worn Al2O3 
and steel surfaces is evident, while there is hardly any Si-F bonding found 































































Fig. 7.6 XPS spectra of (a) F 1s and (b) C 1s on the worn surfaces of (1) 100Cr6 
steel ball, (2) Al2O3 ball and (3) Si3N4 ball, sliding for 100 m distance against 
the Epomet-PTFE7.5 at 60 N load and 20 mm/s velocity. The red curve in (b-2, 
lower) is the C 1s spectrum on the worn surface of Al2O3 ball sliding against the 




The C 1s XPS spectra are shown in Fig. 7.6b. On the worn steel surface, 
peaks that are assigned to C-F (292.9±0.2 eV), -COO- (≈288.9±0.2 eV) 
and C or C-C (284.8±0.2 eV) are detected, while only a peak around 284.8 
eV is seen on the worn Al2O3 and worn Si3N4 surfaces. It should be 
mentioned that the signals of C-F bonding in C 1s spectra on the worn 
Al2O3 and worn Si3N4 surfaces are so weak that they are immersed in the 
experimental noise. Gong and Gao suggested the possible bonding of the 
metal surface to the PTFE molecule via backbone carbon radicals [3, 4], 
which is not found in this study. Even if there is no chemically bonded 
PTFE transfer film, it is anticipated that fluoridation of metal or ceramic 
surfaces could influence their tribo-performance. Bai et al. calculated that 
the dynamic friction force between F-terminated diamond-like carbon 
(DLC) films is much lower than that between DLC films and between H-
terminated DLC films, using molecular dynamics and quantum chemical 
calculations [34].  
In order to verify this hypothesis further, the role of fluoridation of 
Al2O3 and steel on their friction behavior is investigated. The CoF results 
are presented in Fig. 7.7. It is seen that the fluoridated Al2O3 ball does not 
show a lower CoF than the untreated Al2O3 ball when sliding the untreated 
steel disk (as shown in Fig. 7.7a). However, the CoF is greatly reduced 
when the fluoridated Al2O3 ball slides against the fluoridated steel disk. 
This means that friction could be reduced by having two F-terminated 
surfaces sliding over each other, but not a single F-terminated surface. The 
mechanism of friction reduction can be attributed to a chemical 
passivation and a large repulsive force between two F-terminated surfaces, 
as proposed by Sen et al. [35]. They predicted via ab-initio first-principle 
calculations that the repulsive force between two F-terminated diamond 
surfaces is around 40 times higher than that between two H-terminated 
diamond surfaces, when the interfacial separate distance is 2.05 Å. 
This result implies that in the case of having very little PTFE transfer film 
on the worn surfaces, the metal-F bonding could be considered as an F-
terminated surface and assists in lowering friction. As such, the 
fluoridated Al2O3 ball should yield a lower CoF than the untreated Al2O3 
ball when sliding against the Epomet-PTFE5 (only 5 wt.% PTFE) in the 
first 10 m, before the tribo-chemical formation of substantial Al-F bonding 
on the untreated Al2O3 surface. The testing results shown in Fig. 7.7b 
confirm that the average CoF of the fluoridated Al2O3 ball is indeed lower 




a short distance of 10 m. This means that the formation of Al-F bonding on 
the Al2O3 ball is of beneficial for the reduction of friction in this sliding 
system, which is most likely the reason for its better tribo-performance 
than the Si3N4 ball when sliding the Epomet-PTFE7.5. When sliding 
against the Epomet-PTFE15, its similar performance is attributed to the 
fact that PTFE in the sliding interface is sufficient to form enough PTFE 
film. As a consequence sliding takes place between two PTFE layers. 
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Fig. 7.7 (a) CoF curves of the untreated Al2O3 ball and the fluoridated Al2O3 ball 
(Al2O3-F) sliding against the 100Cr6 steel disk and the fluoridated 100Cr6 steel 
disk (steel-F) for 5 m, at 3 N and 20 mm/s velocity. (b) average CoF values of the 
untreated Al2O3 ball and the fluoridated Al2O3 ball sliding against the Epomet-
PTFE5 sample for 10 m, at 60 N load and 20 mm/s velocity. 
Although the formation of metal-fluoride bonding is found on both 
the steel and the Al2O3, the wear rate of the steel ball is much higher than 
the Al2O3 ball. A metal-fluoride layer reduces the friction, but in this study 
the much higher hardness and the H/E ratio of Al2O3 ball in comparison 
with those of 100Cr6 steel ball determine its better wear performance.  
7.4 Results: Effect of sliding conditions  
7.4.1 Influence of water lubrication 
Epomet-PTFE12.5 was tested via sliding against the Al2O3 ball, with 
distilled water lubrication. The CoF results are depicted in Fig. 7.8. In 
water-lubricated conditions (boundary lubrication), which is different 
from that of lubrication in humid air, the CoF decreases in the first 240 m 
sliding (reaching 0.068), followed by a significant increase of CoF to 0.165 
after 500 m sliding. It is observed that in 7 tests, the measured sliding 
distance at which the CoF starts the increasing trends are 80, 100, 170, 
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Fig. 7.8 CoF curves of (a) the Epomet-PTFE12.5 at 35% relative humidity and 
under water lubricated conditions, and (b) the Epomet-PTFE composites with 
different PTFE contents (12.5 wt.%, 2 wt.% and 0 wt.%) under dry sliding (35% 
RH) and distilled water lubrication (dotted curves), sliding against Al2O3 ball at 
60 N and 20 mm/s velocity.  
Considering the mean value of the distances, the case of 240 m is used in 
Fig. 9b. The role of water and PTFE concentration on friction is shown in 
Fig. 9c. It is seen that both in water-lubricated conditions and dry sliding, 
a higher PTFE concentration in the composite leads to a lower CoF. In 
most cases, except sliding against the Epomet-PTFE12.5 for more than 
300 m, water lubrication yields lower CoFs than dry sliding. This indicates 
that both PTFE and water molecules play an important role in lubrication 




m sliding against the Epomet-PTFE12.5 suggests a detrimental role of 
water on the PTFE lubrication when the test proceeds.  
It is noteworthy that the wear rate of the composite Epomet-PTFE12.5 
increases from 9±1.5×10-16 m³/Nm when sliding at 35% relative humidity 
to 5±2×10-15 m³/Nm in water-lubricated conditions (after CoF reaching 
0.16). The corresponding wear rate of the Al2O3 ball also significantly 
increases by more than 20 times, reaching 3±1.6×10-16 m³/Nm in water-
lubricated conditions. The significant increase of the wear rates of the 
composite and the Al2O3 ball in water-lubricated conditions indicates a 
partial loss of PTFE lubrication and poor water lubrication due to its low 
viscosity [36]. It is anticipated that in water-lubricated conditions, PTFE 
transfer films (if any) do not adhere strong enough on the surface of the 
counterpart and become unstable with water flow, which does not happen 
in the case of having a few adsorbed water molecules. EDS analysis (3.5 kV 
acceleration voltage) detects around 2.4±0.8 at.% Al on the worn SiO2 
particles after 100 m sliding, which means that a large amount of Al2O3 is 
transferred back onto the wear surface of the composite in water-
lubricated conditions. It should also be mentioned that 1.9±0.5 at.% F was 
measured on the worn SiO2 particles after 100 m sliding in water-
lubricated conditions, much higher than the average F content (0.4±0.1 
at.%) measured outside the wear track of the composite. This implies the 
formation of a thin PTFE-containing tribo-layer on the wear surface of the 
composite in water-lubricated conditions, which could offer certain PTFE 
lubrication.  
To investigate the influence of water on the formation of PTFE 
transfer films and Al-F bonding, XPS analyses were performed on the wear 
surface of Al2O3 balls after sliding against the Epomet-PTFE12.5 for 100 m 
under dry sliding and in water-lubricated conditions, respectively. 
Measured F 1s XPS spectra are shown in Fig. 7.9. Two evident F peaks at 
around 689.0 eV and around 685.3 eV are seen on the worn Al2O3 surface 
under dry sliding, whilst hardly any peak is observed on the worn Al2O3 
surface sliding in water-lubricated conditions. The 685.3 eV peak points at 
the existence of metal-F bonding, while the peak at 689.0 eV is assigned to 
C-F bonding in PTFE, as aforementioned. The XPS results indicate that 
when sliding in water-lubricated conditions, a water layer in the sliding 
interface inhibits the formation of both PTFE transfer films and Al-F 
bonding on the worn Al2O3 surface. The remaining PTFE lubrication is 




of the composite, within which PTFE lamellae could still slide over each 
other and reduce friction. The low CoF in the first 300 m is due to the 
combination of water lubrication and lubrication from the PTFE-
containing tribo-layer on the wear surface of the composite.  
 




















Fig. 7.9 XPS spectra of the wear scars of the Al2O3 ball after sliding for 100 m 
against the Epomet-PTFE12.5 under 35% RH dry sliding (top curve) and in 
water-lubricated conditions (bottom curve), at 60 N and 20 mm/s velocity. 30 
scans were taken in both cases.  
However, due to the lack of PTFE transfer film and Al-F bonding on 
the Al2O3 ball surface, the ball surface suffers from a severe wear due to 
the abrasion of SiO2 particles that are only partly covered (or not covered) 
with the PTFE-containing tribo-layer. The roughness (Ra) of the worn 
Al2O3 surface increases from initially about 60 nm to about 150 nm 
(measured with confocal microscopy) when CoF reaches 0.13, while it only 
increases to around 82 nm when sliding under dry condition for 1000 m. 
Abrasive wear of the rough Al2O3 surface in turn leads to a considerable 
fracture of the SiO2 particles and destabilizes the adhesion of the PTFE-
containing tribo-layer on the worn SiO2 surface. After the CoF reaches 0.13, 
EDS results show an increase of Si content by about 2.5 at.% and a content 
of Al around 4 at.% on the wear surface of the composite, comparing with 
the as-polished surface. Eventually, roughening of Al2O3 surface and 
accumulation of fractured SiO2 particles and back-transferred Al2O3 on the 
wear surface of the composite give rise to a significant increase of CoF. The 
accumulation of fractured SiO2 particles on the wear surface of the 




the deterioration of the sliding surfaces (CoF ≈ 0.13), it is found that when 
changing the sliding condition from water lubrication to dry sliding, the 
CoF immediately increases by about 0.015 and it keeps increasing upon 
further sliding. 
The inhibition of the formation of PTFE transfer films has been 
reported in water-lubricated conditions [11, 12, 13], but the inhibition of 
metal-F formation has not been reported by other authors. A positive role 
of metal-F formation on the tribo-performance of the Al2O3 ball was 
confirmed in the last section. The reduction mechanism of friction was 
attributed to a chemical passivation and a large repulsive force between 
two F-terminated surfaces. In this study, a thin PTFE-containing tribo-
layer was observed to form on the wear surface of the composite in water-
lubricated conditions, but PTFE transfer films and Al-F bonding could not 
be formed on the worn Al2O3 surface due to the inhibition of the water 
boundary layer. As a consequence the single F-terminated wear surface of 
the composite in this case could not reduce the friction and wear on the 
Al2O3 surface, which is the main reason for its poor performance in water-
lubricated conditions.  
To verify this hypothesis, a hydrofluoric-acid treated Al2O3 ball (F-
terminated) was tested against the Epomet-PTFE12.5 in water-lubricated 
conditions. EDS results show a content of F around 0.8 wt.% on the 
treated Al2O3 surface, indicating the formation of some Al-F compound on 
the surface. It is found that F elements are mainly decorating the grain 
boundaries (average grain size about 10-15 µm), part of which are present 
in the grain boundaries at a depth up to about 10 µm from the surface. The 
friction result is shown in Fig. 7.10. Distinct from the untreated Al2O3 ball, 
the CoF (around 0.092) of the treated Al2O3 ball is fairly low and stable 
even after sliding for 1000 m. This is attributed to the fact that the treated 
Al2O3 ball has also a (partly) F-terminated surface, resulting sliding 
between the F-terminated Al2O3 surface and the thin PTFE-containing 
tribo-layer. It is noteworthy that the surface fluoridation of Al2O3 
counterpart ball leads to a lower friction and in addition improves its wear 
resistance in water-lubricated conditions. The wear rate of the treated 
Al2O3 ball (average wear depth around 3.8 µm after 1000 m sliding) is 
about one order of magnitude lower than that of the untreated Al2O3 ball 
(measured when CoF reaching 0.13 in the latter case) in water-lubricated 
conditions. However, it is still higher than that of the untreated Al2O3 ball 




as well as water inhibiting the formation of PTFE transfer films. It should 
be noted that the Al-F compound was found in the Al2O3 grain boundaries 
up to about 10 µm deep, which explains the stable CoF within 1000 m. It is 
expected that after a much longer sliding, the CoF will considerably 
increase, after a depletion of the Al-F rich surface layer. This result 
demonstrates the positive role of metal-F bonding formation on the tribo-
performance of the Al2O3 ball when sliding against the PTFE based 
composites in water-lubricated conditions. 
 















Sliding distance (m)  
Fig. 7.10 CoF curves of the Epomet-PTFE12.5 sliding against the HF treated 
Al2O3 ball and the untreated Al2O3 ball in distilled water-lubricated conditions, 
at 60 N and 20 mm/s velocity.  
To summarize, in water-lubricated conditions, the water layer in the 
sliding interface inhibits the formation of PTFE transfer films and Al-F 
bonding, which results in a worse tribo-performance of the untreated 
Al2O3 ball. A pre-treatment of the Al2O3 with hydrofluoric acid creates a 
kind of Al-F compound and enhances considerably its tribo-performance 
in water-lubricated sliding. A schematic illustration of the effect of the 
repulsive force between two F-terminated surfaces and the effect of 
boundary water lubrication on a sliding contact is shown in Fig. A.8 (in 
Appendix 2). The formation of Al-F bonding could help to reduce the 
friction in the case of having no PTFE transfer film or PTFE transfer films 
only partly cover the wear scar of the ball. 
7.4.2 Influence of normal load  
The friction results of the Epomet-PTFE12.5 sliding against the steel ball 




increase of CoF with decreasing normal load. Moreover, there is a drastic 
increase of the CoF upon lowering the normal load from 10 N to 5 N, in 
comparison with the less sharply changed CoF values measured under 
high loads (10, 30 and 60 N). Especially at the onset of sliding test (within 
the first 200 m), the CoF values show a significant increase under low 
loads (0.5, 2 and 5 N), which double their initial CoF values by a nearly 
linear increase with sliding distance before reaching steady-state values. 
The amplitude of the increase of the CoF is inversely proportional to the 
normal load. It is clear that the load plays an important role in the friction 
behavior of the PTFE-filled composite.  
 
Fig. 7.11 CoF results of the Epomet-PTFE12.5 sliding against the steel ball under 
different loads for 1000 m, at 20 mm/s velocity and 35% RH.  
To investigate the influence of loading condition on the wear behavior, 
light microscopy images of the worn surfaces of the Epomet-PTFE12.5 
composite are presented in Fig. 7.12. An interesting finding is that under 2 
N load, the worn surface of the composite is quite rough and shows many 
parallel scratches, whilst the worn surface under 60 N load is fairly smooth 
(confirmed with confocal microscopy). It is reasonable to correlate the 
high CoF under 2 N load to the parallel scratches and the rough surface. A 
transition is seen on the worn surface formed under 10 N load. The wear 
track exhibits a smooth surface in the middle but a lot of parallel scratches 
near the two edges, which is due to the higher contact pressure in the 
middle than that near the edges in the ball-on-disc contact. Hence, it is 
probable that a minimum contact pressure is required to generate enough 
lubrication, which is not met with the low loads (0.5, 2 or 5 N).  
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Fig. 7.12 Light microscopy images of the worn surface of the Epomet-PTFE12.5 
sliding against the steel ball for 1000 m under (a) 2 N, (b) 10 N and (c) 60 N load, 




There are two possible reasons for this phenomenon: first, insufficient 
metal-F bonds are formed on the steel surface under low loads (<5N) [37]; 
second, the contact pressures at low normal loads (<5N) are too low to 
deform the composite and smear the PTFE into the sliding interface (on 
the epoxy and the SiO2 surfaces as well as on the steel surface).  
To test these two hypotheses, XPS measurements were carried out on 
the wear scars of the steel ball after sliding against the Epomet-PTFE12.5 
for 100 m at various loads. The results are shown in Fig. 7.13. As 
aforementioned the peak at 685.2±0.2 eV is due to the formation of Fe-F 
bonding, while the peak at 689.8±0.2 eV is assigned to the C-F bonding of 
PTFE. It is seen that the area of the peak at around 689.8±0.2 eV 
decreases with decreasing the normal load. This indicates that the amount 
of PTFE transfer films decreases with decreasing load. Therefore, the 
higher CoF values measured under lower normal loads could be, at least 
partly, due to the less amount of PTFE transfer film formed on the steel 
ball. As to the Fe-F bonding, it is found that the intensity of the 
corresponding peak are quite similar at all loading conditions, although 
under 60 N it is a bit higher which is probably due to its largest wear scar. 
The size of several wear scars are shown in the legend of Fig. 7. However, it 
is still very difficult to interpret the amount of Fe-F bonding in each case, 
because not only the size of wear scars, but also the thickness of PTFE tra- 
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Fig. 7.13 XPS F 1s core level spectra (20 scans) of the wear surface of steels after 
sliding for 100 m against the Epomet-PTFE12.5 under different loads, at 20 
mm/s velocity and 35% RH. The inset graph shows a magnified portion of the 
main graph between 682.5 and 687.5 eV. The size of elliptical wear scars are 




nsfer films above the Fe-F bonding affects the amount of measured Fe-F 
bonding with XPS. When there are some thick PTFE transfer films (>10 
nm), Fe-F bonding beneath them cannot be detected. As shown in the 
figure, the left peaks of 5 N, 20 N and 60 N all have a slight shift to a 
higher binding energy than those of 0.1 N and 0.5 N, which is probably an 
indication of thicker PTFE transfer films. With thinner PTFE transfer 
films (0.5 N and 0.1 N), the possibility of Fe-F bonding being detected is 
higher. Nevertheless, the difference in the amounts of Fe-F bonding is not 
comparable with the difference in the amounts of PTFE transfer films. The 
different amounts of PTFE transfer films on the wear surface of steel balls 
is considered as the main reason for the different frictional behaviors. 
To verify further the second hypothesis, EDS analyses were done on 
the wear surface of the composite after sliding for 20 m against the steel 
ball at 0.5 N, 5 N and 60 N load. In all the cases, the content of F on the 
wear surface of the composite is always higher than on the as-polished 
composite surface. The value of F wt.% on the wear surface of the 
composite increases with increasing normal load, as shown in Fig. 7.14. A 
similar trend of F wt.% is also found on the worn SiO2 surfaces. As 
aforementioned, the amount of PTFE transfer film also increases with 
increasing normal load, according to the XPS results. It indicates that 
sliding under a high load is beneficial to smearing PTFE over the SiO2 and 
epoxy surfaces and onto the steel surface. This is attributed to a larger 
deformation of the composite under a higher load, which facilitates the 
squeezing out of the PTFE from the outer surface of the composite disc.  
 
Fig. 7.14 EDS quantitative results of the F weight percentage on the original 
surface of the Epomet-PTFE12.5 , as well as on its wear surface of the composite 
and worn SiO2 particles surface, after sliding for 20 m against the steel ball 
under different loads, at 20 mm/s velocity and 35% RH. 
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As a consequence under various loads, the determining factor of the 
CoF is the amount of PTFE in the sliding interface, while the influence of 
the amount of Fe-F bonding on the steel surface is not the predominant 
factor. To double check the hypothesis, a tribo-test of switching normal 
load 2N-60N-2N was carried out. As shown in Fig. 7.15, it is observed that 
the CoF under 60 N load sharply decreases to 0.106 from 0.162 under 2 N 
load, and increases to 0.125 again as the normal load is changed back to 2 
N. Besides, the increase of CoF is slower after the normal load is switched 
back to the same load. This result demonstrates that more PTFE are 
smeared onto the wear surface of the composite under a higher load which 
leads to an enhanced self-lubrication. Nevertheless, with further sliding 
under a low load (2 N), the amount of lubricating PTFE that was smeared 
into the sliding interface under a high load gradually reduces, and thus the 
CoF increases again.  
 
Fig. 7.15 CoF results of the Epomet-PTFE12.5 sliding against the steel ball under 
2 N load for 20 m, and changing load to 60 N for 20 m, and changing back to 2 
N for 160 m. The test is performed at 20 mm/s velocity and 35% RH. The dash 
curve shows the result of a constant 2 N load test under the same sliding 
condition. 
It can be concluded that the normal load plays a crucial role in the 
friction behavior of the Epomet-PTFE composites. In contrast, the 
formation of Fe-F bonding is not significantly affected by the normal load. 
The amount of lubricating PTFE in the sliding interfaces under various 
loading conditions is the determining factor of the CoF values. A higher 
load facilitates the smearing of PTFE onto the wear surface of the 
composite as well as the transfer of PTFE onto the steel surface. With 
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sufficient PTFE transfer films, the Fe-F bonding layer is mostly covered by 
the PTFE transfer films, which weakens its role in friction reduction. 
Under a load as low as 0.1 N, we could still detect the formation of Fe-
F bonding on the steel surface with XPS. Uçar et al. found that the 
minimum apparent contact pressure required to transfer PTFE onto the 
silicon oxide surface was less than 5 kPa at room temperature [38]. Thus, 
it is interesting to know if there is a minimum apparent contact pressure 
required to form Fe-F bonding. To increase the contact area and lower the 
contact pressure in tribo-tests, the ø13 mm steel ball was ground and 
polished until a spherical segment with a diameter of around 1 mm was 
polished off. The remaining surface of the spherical segment is not flat, but 
has a radius of curvature between 30 and 45 mm, with a roughness (Ra) 
around 60 nm. 
 
Fig. 7.16 XPS F 1s core level spectra (20 scans) of the wear scars of the polished 
steel (near flat) spherical segments after sliding for 100 m against the Epomet-
PTFE12.5 under different low loads, at 20 mm/s velocity and 35% RH. The 
apparent contact pressure under 0.5 N is about 4.1±0.4 MPa and under 1 N is 
about 6.2±0.5 MPa. The dash curve of 0.1 N is adopted from Fig. 6. 
As shown in Fig. 7.16, it is clear that when the contact pressure is 
reduced to a certain point, the peak at around 685.2 eV disappears or is 
immersed in noise, while the peak belonging to C-F bonding of PTFE is 
still observed. Thus, a minimum apparent contact pressure is required to 
form a detectable amount of Fe-F bonding under a sliding contact at room 
temperature. One possible explanation for the formation of Fe-F bonding 
is probably that under a sufficient contact pressure, wear process 
regenerates fresh and highly reactive metallic Fe atoms from beneath the 
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surface oxide layer [39], which could react with PTFE under forced contact. 
Korobov et al. [40] and Yorkov et al. [41] found that Fe-containing or Co-
containing nanoparticles decomposed from precursors at around 280°C in 
an argon atmosphere could react with PTFE nanoparticles (without 
external loading), forming a thin FeF2 or CoF2 interface layer between the 
two different particles. Tasker et al. [42], Ding et al. [43] and Cadman et al. 
[39] observed the formation of metal fluoride from the reaction between 
PTFE/Teflon AF and various metal vapors (Na, Al, Sn, In, Pb, Cd and Ni).  
Table 7.2. The measured apparent contact pressure, and whether or not Fe-F 
bonds are detected after 100 m sliding according to XPS results. 
 Load applied on balls 
Load applied on (near flat) 
spherical segment 
 60 N 5 N 0.5 N 0.1 N 
0.5 N  
(1#) 
0.5 N  
(2#) 
1 N  
(1#) 















Detection of Fe-F 
bonding (Yes or 
No) 
Y Y Y Y N N N Y Y 
Detection of 
PTFE (Yes or No) 
Y Y Y Y Y Y Y Y Y 
The effect of the apparent contact pressure on the formation of Fe-F 
bonding is summarized in Table 7.2. The apparent contact pressure was 
recorded, based on the measured apparent contact area on the steel 
surface after every tribo-test of 100 m. It is found that hardly any Fe-F 
bonding could be detected with XPS when the apparent contact pressure is 
below about 4 MPa. It is of great interest to see if the shear force is enough 
to break the C-F bonding, which might be a reason of the formation of Fe-
F bonding. With an estimation of bond stiffness and covalent bond radius, 
the failure stress for C-F bond breaking is calculated to be around 7.7 GPa, 
as presented in Appendix 5. The calculation results indicate that external 
force fields in our experiments will lead to entropic restoring and relaxing 
forces, but not to localized C-F bond-breaking effects. Possibly alternative 
explanations could be: a) polymers do not derive their stiffness and 
strength from localized bond stretching but from change in entropy of the 




concentrates in the material; c) C-F bond-breaking will more likely take 
place in the amorphous region of PTFE with many defects. 
7.5 Conclusions 
The effects of various counterpart balls, water lubrication and normal load 
on the tribo-performance of PTFE-based composites are investigated. It is 
found that different sliding conditions affect the formation of PTFE 
transfer films and formation of metal-F bonding on the wear surface of 
Al2O3 and 100Cr6 steel counterparts, which leads to different friction and 
wear performance. 
1) Although the Si3N4 ball has the highest hardness and H/E ratio 
among the three kinds of counterparts investigated it does not yield a 
better tribo-performance when sliding against the Epomet-PTFE 
composites. In contrast, the Al2O3 ball, having a slightly inferior 
mechanical property than the Si3N4 ball, exhibits the best tribo-
performance, i.e. a low and stable CoF, and the lowest wear rates of both 
the composites and the ball. 
2) XPS studies indicate the formation of Al-F and Fe-F chemical 
bonding after sliding, while hardly any trace of chemical bonding between 
Si3N4 and PTFE is found. It is concluded that friction can be greatly 
reduced by two F-terminated surfaces sliding over each other. The 
formation of Al-F bonding is considered as the primary reason of the 
reduction in friction in the case where a very thin PTFE layer is presented 
in the sliding interface. This results in a better tribo-performance than 
with the Si3N4 counterpart surface, especially with insufficient PTFE. The 
formation of Al-F and Fe-F bonding suggests that Al2O3/PTFE filled 
composite and steel/PTFE filled composite are two good sliding systems. 
The overall conclusion is that friction can be greatly reduced by two 
fluorine-terminated surfaces sliding over each other.  
3) In water boundary lubrication, XPS analyses reveal that a 
continuous water layer in the sliding interface inhibits the formation of 
PTFE transfer films and Al-F bonding, resulting in a detrimental effect of 
liquid water on tribo-performance. A hydrofluoric-acid treatment of the 
Al2O3 ball enhances considerably its tribo-performance in water-lubricated 
sliding, which demonstrates the important role of Al-F formation in water-
lubricated sliding.  
4) Under various loading conditions, an increase in CoF with 
decreasing load is observed. The main reason, based on EDS and XPS 




surface of the Epomet-PTFE composite and the transfer of PTFE onto the 
steel surface. During sliding, there is a minimum apparent contact 
pressure required to form detectable amount Fe-F bonding on the wear 
surface of steel.  
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Summary and Outlook 
8.1 Summary 
This PhD project was initiated with the idea that the tribological 
performance and service life of the SKF phenolic composite liner could be 
improved via sliding against a coating, such as TiC/a-C:H, alumina and 
Ti(AI)N coatings. The TiC/a-C:H coating was the most promising one 
amongst them, since it is well known for its self-lubricating and anti-wear 
properties. However, results laid down in Chapter 3 showed that the wear 
rate of the composite liner is comparable in the cases of sliding against  
thin TiC/a-C:H coated steel surface and the uncoated steel. The wear 
mechanism of the composite liner is determined by subsequent processes. 
First, smearing and transferring of PTFE; Second, de-bonding and 
fragmentation of glass fibers as well as PTFE fibers, followed by cracking 
and fracture of resin matrix; third, generations of substantial wear debris 
and third-body that consist of smeared PTFE and short glass fiber 
fragments, fine glass particles, and fractured resin. An accelerated wear is 
found in the phenolic composite liner. These results point at an 
improvement of the mechanical properties of the self-lubricating 
composites.  
Because of easy processing conditions, Epomet-PTFE particulate 
composites with a high concentration of SiO2 particles were produced and 
presented in Chapter 4. The tribo-results show that within 1000 m sliding 
distance the Epomet-PTFE composites with optimum contents of PTFE 
exhibit a good tribological performance and a high load bearing capacity. 
A low CoF in combination with a low wear rate is achieved for the Epomet-
PTFE-12.5 within 1000 m, but a significant increase of CoF is observed 
when sliding more than 2000 m. The increase of CoF is attributed to the 




gradual accumulation of the fractured SiO2 and back-transferred steel on 
the worn surface of the composite, which is due to a too high 
concentration of SiO2 particles in the composite. This indicates that a 
tradeoff has to be made between improving mechanical properties (more 
fillers) and lowering the abrasiveness of the composite (less fillers), to 
achieve a stable sliding system.  
Thereafter, we started to optimize the curing process of two epoxy 
composites, and the size and concentration of glass fillers in the 
composites. It is found that with smaller sizes of glass particles (than those 
in Epomet-PTFE composites) at a lower concentration, the epoxy 6078 
composite and the epoxy 25036-25-3 composite [both discussed in 
Chapter 4] yield a low CoF and lower wear for at least 10000 m stable 
sliding. On the other hand, the wear on the counterpart steel ball is greatly 
reduced. In comparison with other commercial self-lubricating materials, 
they showed promising applications in the field of self-lubricating polymer 
composite based bearings. 
Because the abrasiveness of the composites is essential for attaining a 
stable sliding system, it triggered our interests to study the abrasiveness of 
various fillers in the epoxy composites. The results in Chapter 5 revealed 
that epoxy composites with a larger size of glass spheres give rise to a 
higher abrasive wear on the steel ball, while the difference is not 
significant between composites with the average size of glass spheres 
below 50 µm. Irregular glass particles are found to be more abrasive than 
the glass spheres in the epoxy composites. The abrasiveness of short 
carbon fibers filled composites is higher than about 50 µm (average size) 
glass particles filled composites. For a further improvement of the 
mechanical properties of the epoxy composites without causing an 
increase of abrasiveness, nano-fillers were introduced into the composites. 
Better mechanical properties and a lower wear rate of the composite are 
obtained with the addition of only 1 wt.% nano-fillers. The reinforcing 
effects among various nano-fillers are not significantly different, but they 
can be enhanced by adding more nano-fillers up to 5 wt.%.  
Chapter 6 & 7 present findings which are in particular of scientific 
interests. In Chapter 3, reoriented “micro-fibrils” in some parts of PTFE 
upon sliding were found in the SEM micrographs. It was found in Chapter 
6 that crystallinity of PTFE wear debris is higher than that in the original 
PTFE sample. The main reason that accounts for the higher crystallinity in 





during sliding. SEM images indicated that the long-range ordering of the 
PTFE in the transfer film has been partly destroyed. ATR FT-IR results 
suggested a conformational change of the PTFE chains. In this particular 
case, the local shear needed to increase the long-range ordering was found 
to be lower than that to cause the conformational change of the PTFE 
chains. 
Chapter 7 shows that the formation of PTFE transfer films and metal-
F bonding on the counterpart surface is crucial to the friction and wear 
performance. The better tribo-performance of the Epomet-PTFE 
composites when sliding against the Al2O3 ball than the Si3N4 ball is 
attributed to the formation of Al-F bonding, while hardly any trace of 
chemical bonding between Si3N4 and PTFE is found. It is experimentally 
confirmed that friction can be greatly reduced by two F-terminated 
surfaces sliding over each other. The formation of Al-F bonding is 
considered as the primary reason of the reduction in friction in the case 
where PTFE transfer films are insufficient to cover the whole wear scar of 
the ball. With sufficient PTFE transfer films, the role of Al-F bonding is 
not significant. 
The effect of water lubrication and normal load on the formation of 
PTFE transfer films and metal-F bonding on the counterpart surface is 
addressed in Chapter 7. In water boundary lubrication, the formation of 
PTFE transfer films and Al-F bonding is inhibited, resulting in a 
detrimental effect of liquid water on the tribo-performance. A 
hydrofluoric-acid treatment of the Al2O3 ball enhances considerably its 
tribo-performance in water-lubricated sliding, which again confirms the 
important role of Al-F formation.  
Under various loading conditions, an decrease in CoF with increasing 
load is observed. This is attributed to that a higher load leads to more 
deformation of the Epomet-PTFE composite and facilitates smearing of 
PTFE onto the wear surface of the composite and the transfer of PTFE 
onto the steel surface.  The role of Fe-F bonding is not as important as the 
role of PTFE transfer films when sliding under different loads. During 
sliding, there is a minimum apparent contact pressure required to form 
detectable amount Fe-F bonding on the wear surface of steel.  
8.2 Outlook 
The outcome of this work is positive and exciting. We improved, not only 
the tribological performance of the self-lubricating composites, but also 




offered an in-depth understandings of certain scientific phenomena that 
occur at the sliding interface. Nonetheless, research is still needed along 
the following lines: 
1. Reducing the porosity of the Epoxy 25036 composites: 
It was found in this PhD project that there are quite a few micro-
sized pores in the cured Epoxy 25036 composites, which could 
become detrimental to their mechanical and tribological 
performance. The origin of the problem lies in the curing process 
itself. It is possible to reduce the porosity by changing the curing 
pressure, temperature and time. A proper degassing apparatus 
could help to reduce the porosity as well.  
2. New epoxy system and cost reduction: 
The load bearing capacity may be further improved via selecting a 
proper epoxy resin, hardener and accelerator. Another practical 
issue is to reduce cost of materials. Graphite is much cheaper 
than PTFE, which could be a good alternative for PTFE. Although 
the frictional behaviors may get slightly worse, adding more 
graphite into composites can a good solution. 
3. Challenge on finding the origin of metal-F bonding: 
In this research formation of metal-F bonding was detected, but 
the mechanisms or the chemical reactions are not well 
understood up to each detail. A new technology that combines X-
ray absorption spectroscopy and electron microscopy was 
developed at the U.S. Department of Energy’s Brookhaven 
National Laboratory [1]. This could be a promising tool and offer 
a new pathway to study the dynamic chemical reactions between 
PTFE nano-particles and metal nano-particles, under a certain 
contact pressure or under an elevated temperature. 
4. The continuation of this research with SKF: 
As a continuation of this research with our industrial partner SKF 
should be a test of the performance of the Epoxy 25036 and 
Epoxy 6078 composites with various thicknesses and shapes, 
which will fit the dry sliding bearings. Further research could be 
on small scale tests of dry sliding bearings that use the Epoxy 
25036 and Epoxy 6078 composites as the self-lubricating layer, 
so as to find out the frictional and wear performance, as well as 
the fatigue wear performance under different contact pressures or 





composites, in comparison with other commercial ones, is an 
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Appendix 1: Matlab code script for wear calculations 
 
To measure the topography of the wear track, a μSurf Nanofocus confocal 
microscope is used. Based on the 3D confocal images of the wear track and 
assuming the polished surface is flat, a Matlab script is used to calculate 
the wear volume of the composite. From every wear track, four images 
(north, east, south and west sides) were taken to calculate the average 
wear volume, with each of 1455×1410 μm size. The wear calculation is 
explained in Fig. A.1. After defining two shoulders (the red rectangles), the 
script reconstructs the original surface by interpolating a flat surface 
between these shoulders. Then, the wear volume is obtained via 
subtracting the wear track from the interpolated flat surface.  
 
Fig. A.1 An illustration of the method to calculate wear volume via 
Matlab. 
 
% 1st step,  input parameters 
radius=input('please input the radius of the wear track:'); 
plan1minx=input('min x of plan area1:'); plan1minx =round(plan1minx *512/1455); 
plan1maxx=input('max x of plan area1:'); plan1maxx =round(plan1maxx *512/1455); 
plan1miny=input('min y of plan area1:'); plan1miny =round(plan1miny *512/1410); 
plan1maxy=input('max y of plan area1:'); plan1maxy =round(plan1maxy *512/1410); 
plan2minx=input('min x of plan area2 (two plans should be symmetric):'); plan2minx 
=round(plan2minx *512/1455); 
plan2maxx=input('max x of plan area2:'); plan2maxx =round(plan2maxx *512/1455); 
plan2miny=input('min y of plan area2:'); plan2miny =round(plan2miny *512/1410); 
plan2maxy=input('max y of plan area2:'); plan2maxy =round(plan2maxy *512/1410); 
trackmin=input('min of track:'); trackmin =round(trackmin *512/1430); 
trackmax=input('max of track:'); trackmax =round(trackmax *512/1430); 
 % 2nd step, calculate average plan height 
h1=0; c1=0; h2=0;c2=0;h=0;diff=0; 
for i= plan1minx:1: plan1maxx;  for j= plan1miny:1: plan1maxy; 
       h1=h1+data(512*(j-1)+i,3); c1=c1+1; 
  end;end; 
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for i= plan2minx:1: plan2maxx; for j= plan2miny:1: plan2maxy; 
      h2=h2+data(512*(j-1)+i,3); c2=c2+1; 
  end;end; 
h=(h1/c1+h2/c2)/2; diff=h1/c1-h2/c2; 
 %3rd step, leveling 
distplan=0;step=0; 
distplan=abs(plan2minx-plan1minx);step=diff/distplan; 
for i=1:512; inc=0; for j=1:512; 
       inc=(i-1)*step; data(512*(j-1)+i,3)=data(512*(j-1)+i,3)+inc; 
    end; end; 
h1=0; c1=0; h2=0; c2=0; 
for i= plan1minx:1: plan1maxx;  for j= plan1miny:1: (plan1miny+20); 
   h1=h1+data(512*(j-1)+i,3); c1=c1+1; 
  end; end; 
for i= plan1minx:1: plan1maxx; for j= (plan1maxy-20):1: plan1maxy; 
h2=h2+data(512*(j-1)+i,3); c2=c2+1; 
  end; end; 
diff2=0; diff2=h1/c1-h2/c2; distplan=abs(plan1maxy-plan1miny-20);step=diff2/distplan; 
for i=1:512; inc=0; for j=1:512; 
inc=(j-1)*step; data(512*(j-1)+i,3)=data(512*(j-1)+i,3)+inc; 
    end; end; 
 % 4th step, get the plan height 
h1=0; c1=0; h2=0;c2=0;h=0; 
for i= plan1minx:1: plan1maxx;  for j= plan1miny:1: plan1maxy; 
h1=h1+data(512*(j-1)+i,3); c1=c1+1; 
  end;end; 
for i= plan2minx:1: plan2maxx; for j= plan2miny:1: plan2maxy; 
h2=h2+data(512*(j-1)+i,3); c2=c2+1; 
  end;end; 
h=(h1/c1+h2/c2)/2; 
 % 5th step, cutoff the very higher points (some debris landing on the edge) 
for i=1:512; for j=1:512; 
        if data(512*(j-1)+i,3)-h>1; data(512*(j-1)+i,3)=(data(512*(j-1)+i,3)-h)/5+h; 
        end; end; end; 
 % 6th step, calculate the wear volume 
dV=0; c=0; dA=0; dZ=0; 
for i=1:512; 
   dV=dV+dA*2.754; % total volume change equation 
   dA=0;dZ=0; % set variable-- area change in one x-parallel line, height change per x point; 
   for j= trackmin:1:trackmax; % x-min to x-max 
dZ=data(512*(i-1)+j,3)-h; % height change per x 
    if dZ<1; % cutoff the debris in the wear track >1?m 
dA=dA+dZ*2.842;  % area change in one y line 
c=c+1; 
end; end;% end of j loo  




Appendix 2: Supporting figures 





































Sliding distance (m)  
Fig. A.2. The evolution of wear volume of the phenolic composite liner and the 
Epomet-PTFE-15 sliding against ø13 mm 100Cr6 steel ball, under 60 N normal 
load, 2 cm/s sliding speed, 22±2 °C and 35% ±2% relative humidity.  
 
 














































Fig. A.3. The evolution of wear volume of (a) the epoxy 25036 composite , under 
60 N normal load, and (b) the epoxy 6078 composite, under 40 N load, sliding 
against ø13 mm 100Cr6 steel ball, 5 cm/s sliding speed, 22±2 °C and 35% ±2% 
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Fig. A.4 The histogram of the measured transfer film thickness on (a) the wear 
scar of the TiC/a-C:H coated honing ball surface and (b) the wear scar of the steel 
honing ball surface. Both balls were sliding against the composite liners for 700 m, 
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Fig. A.5 Measured size distribution of the diameter of (a) hollow glass spheres, (b) 
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Fig. A.6 Measured length distribution of (a) carbon fibers, (b) short glass fibers 
(Short-GF), (c) glass fibers and (d) long glass fibers (Long-GF). The average 
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20 cm/s, 40 N 
 
Fig. A.7 CoF curves of the Epomet-PTFE composites with 7.5 wt.% PTFE sliding 
against 100Cr6 steel, Al2O3 and Si3N4 counterpart balls under different conditions: 
(a) 2 cm/s velocity and 5 N normal load, (b) 20 cm/s velocity and 40 N normal 









Fig. A.8 Schematic illustrations of a steel ball sliding over (a) a SiO2-epoxy 
composite without PTFE; (b) a PTFE-SiO2-epoxy composite; (c) a PTFE-SiO2-
epoxy composite in water-lubricated conditions, with formation of metal-F 
bonding; (d) a PTFE-SiO2-epoxy composite in water-lubricated conditions, 
without formation of metal-F bonding. The relative scale bars have the same 
length in all figures, showing the different gaps (between the ball and the 




Appendix 3: On the dispersion and polar interfacial energies 
 
The work of adhesion between two dissimilar materials fulfills a central 
role in this thesis and therefore it is relevant to understand the various 
approximations and physics behind Eq.(1) in Chapter 3 and Chapter 7, 
that reads  
1 2 12 1 2 1 22 2
adh d d p pW γ γ γ γ γ γ γ= + − = +  (A3.1) 
where γ1, γ2 and γ12 denote the surface free energy and interface energy of 
materials  1 and 2. 
We can derive this expression as follows. Suppose an attractive 
constant  determines the work of adhesion adh ijW W= −  (where  is 
defined here as the negative of the energy required to separate two bodies 
from equilibrium to infinity): 
 (A3.2) 
We can consider as the attractive constant in a Lennard-Jones 
description, but that is not relevant as long as  represents the attractive 
component of a force field. Let us assume that energy additivity holds on 
dipole-dipole (pp), dipole-induced dipole(pi) and dispersion forces (d) 
independently, i.e. 
 (A3.3) 




where represents the polarizability of i. 
 
Dispersion forces: 
 can be expressed in the attractive constants of the i and j by 
elimination from (Eqs.A3.4-A3.5) either  or  , i.e.  
ijA ijW
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Dipole-dipole and dipole –induced dipole interactions 
If pp interactions dominate over pi interactions: 
 (A3.9) 
whereas if pi interactions dominate : 
 
 (A3.10) 
Assuming in the interaction functions that  
 (A3.11) 




Taking  as the free energy functions, the Dupre relation yields: 
12 1 2 12
adhW W γ γ γ= − = + −  (A3.14) 
 (A3.15) 
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c i c jW E E= −
12 , ,
p p p
c i c jW E E= −
ijW
,2 i c iEγ = −
12 1 2 1 2 1 22 2
d d p pγ γ γ γ γ γ γ= + − −
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The adhesion energy is defined as the change of the surface energies of 1 
upon contact over a certain contact area S due to the interactions with 2, 




Eq.A3.17 is called the ‘geometrical mean equation’; it can only be derived 
under the specific assumptions that  and pp interactions dominate 
over pi interactions. Various other relations may be obtained by 
selecting other assumptions.   
The geometrical mean equation is most suitable for liquid-liquid 
interfaces (no ionic forces and no long-range force fields). The geometric 
mean equation will be less suitable for interfaces among ionic materials 
and between ionic materials like oxides and metals (induced dipolar fields 
[1]) but for interfaces among polymers and polymer-metals it will be not 
too bad (except for a complete rotational freedom in polymers, 
randomness will contribute to a geometrical mean description) .  
Using contact angle measurements, the geometric mean equation can 
be employed for the determination of the surface free energy. However, 
due to the many assumptions involved in the derivation, it is unlikely that 
the 12γ  data obtained using the concepts of dispersion and polar 
components will equal the thermodynamically derived surface free energy. 
Therefore it is concluded that all the data derived from Eq. A3.16 as 
presented in this thesis should be considered as semi-quantitative. Besides 
these theoretical considerations, there is another argument for precaution.  
The experimental determination of the work of adhesion is not as easy 
as it looks. Delamination from a substrate is not only driven by applied 
stresses in the materials, but, sometimes rather, by residual stresses. Such 
stresses are inevitable in certain manufacturing techniques and are 
enhanced when the materials have vastly different thermo-physical 
properties. These stresses are still rather extrinsic due to deposition or to 
thermal expansion mismatch, but they can relax by annealing or by plastic 
deformation of some kind. In fact, the energy stored in the system, which 
becomes available when failure occurs depends on the thickness of the 
layers and on residual stresses in the layer or film.   





If the solid phases 1 and 2 become strained to an amount ijdε  along 
the interface, the area of the interface is increased by dS and the work, 












 (A3.18)  
The physical origin of the interface stress lies in the long-range 
interactions and the specific structure of the interface. Although the 
interface energy is a scalar, the interface stress in Eq. A3.18 is a tensor and 
different interfaces may have different interface stresses.  
 
Appendix 4: Stokes law  
Stokes law is a mathematical equation which expresses the velocities of 
small spherical particles in a fluid. 
The frictional force of viscosity (Stokes drag ) on a small sphere 
moving through a viscous fluid is given by: 
𝐹𝑑 = 6𝜋𝜇𝜋𝑉  (A4.1) 
where μ is the dynamic viscosity, R is the radius of the spherical object, 
and V is the flow velocity relative to the object.  
In an epoxy medium, the spherical glass particle also feels the gravity 
and the buoyancy force, the sum of which is: 
𝐹 = 4
3
𝜋𝜋3𝑔(𝜌1 − 𝜌2)  (A4.2) 
where 𝑔 is the gravitational acceleration, 𝜌1(2.4 g/cm3) and 𝜌2 (1.2 g/cm3) 
are the density of the spherical particle and the viscous medium. 






𝜋2𝑔  (A4.3) 
Let us take Φ80 µm glass spheres and LY556/HY917/DY070(1%) 
epoxy system for example. The difficult part of this calculation is that the 
real time viscosity of the epoxy system during curing is unknown. However, 
with this high performance composite epoxy system, three viscosity values 
is given by the manufacturer (as shown in the following table) 
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Table A.1 The development of viscosity during curing of the 
LY556/HY917/DY070(1%) epoxy system at 25°C. 
Curing time 0 h 1.5-2 h 6-7 h 
Viscosity (Pa·s) 0.75 1.5 3.0 
 
However, adding the fillers in the epoxy system will increase the 
viscosity of the suspension. The wt.% of glass fillers is 37.5 wt.% in this 
study, which is corresponding to 22.5 vol.%. Einstein has theoretically 
addressed the viscosity behavior of suspension in the dilute limit in 1906: 
𝜂𝑟 = 1 + 𝐵𝐵   (A4.4) 
where 𝜂𝑟  is relative apparent viscosity, B is a constant which ranges 
between 1.5 and 5.5 (depend on particles concentration, particles shape 
and size, fluid rheological nature), 𝐵 is the volume fraction of particles. 
Mueller [3] and Barnes [4] have provided that the viscosity is about 2.4-
2.7 times in a 22.5 vol.% filled suspension than that of the unfilled fluid. If 
we take 2.6 times, then the initial settling speed is: 
𝑉′ = 2.15 × 10−6 𝑚/𝐾 
To reach this velocity from zero m/s, the time it cost is negligible in 
comparison with the whole curing process. 
Settling distance: 
Since the real time development of viscosity is unknown, the real time 
settling velocity and settling distance can be only be estimated. To simplify 
the calculation process, we take the average velocity between two known 
time points. The calculated settling distance is presented in Table A.2. 
Table A.2 Calculation of settling distance of Φ80 µm glass spheres. 
Curing time 0 h 1.75 h 6.5 h 
Viscosity (Pa·s) 0.75 1.5 3.0 
Velocity (×10-6 m/s) 2.15 1.12 0.56 
Average velocity (×10-6 m/s) 1.64 0.84 
Settling distance (mm) 10.3 14.3 
It can be seen that the settling distance when reaching 3.0 Pa·s 
viscosity is already more than 24 mm, which is much larger than the 
thickness of the curing samples (usually around 8-9 mm). Particles settle 
to the bottom side of the sample. If using an epoxy which has 5 times 
higher initial viscosity (i.e. Epoxydharz C) and two times faster curing 
speed, the settling distance is still about 2.4 mm, when the viscosity of the 
system reaches 14 Pa·s.  
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Appendix 5: Strength-bond failure? 
 
The question we like to address here is if bond breaking of C-F due to 
mechanical force fields is likely? Two factors are important for the  
stiffness of the bond, kB, and density of the bonds per unit of area, ra, 
(where ra is the ‘atomic size’ effect, order of 0.1 nm). The zero-order 
approximation is that the modulus E can be related to the bond stiffness, 





=        (A5.1) 
where Bk  can be taken from experiments (IR spectroscopy). The 
stretching frequency of C-F bond is 1100 cm-1 (1 cm-1 = 1.23×10-4 eV, 1 eV= 
1.6×10-19 Jmole-1) and in a quasi-harmonic force field approximation 
follows for the stiffness constant [5] per diatomic bond: 
 
1596 NmBk
−=     (A5.2) 
This seems to be quite reasonable since all spring constants Bk  of purely 
covalent bonds lie between 10-1500 Nm-1, depending on the character of 
single, double or triple bond order. C-F has a polarized covalent bond and 
the binding in fact is quite strong because of its partial ionic character.  
Polymers contain both strong covalent and weaker van der Waals bonds 
(0.5-2 Nm-1). Elastomers have a low stiffness because the glass 
temperature is below room temperature leaving only the weak ‘entropic’ 
force fields associated with long-chain, tangled molecules, etc.  
Obviously electrostatic/dipole interactions and stereoelectronic inter- 
actions with neighboring C-F bonds play and important role in PTFE [6]. 
Suppose to a first approximation a localized-bond picture is the base for 
our prediction of bond breaking and we ignore electrostatic/dipole 
interactions and stereoelectronic interactions in the estimate of bond 
breaking. The force to break a single bond is roughly after stretching to 





k rF =        (A5.3) 









σ =        (A5.4) 
leading to a prediction of the failure stress of (covalent bond length is 
0.135 nm) of :  
8.8F GPaσ =  (A5.5)  
 
Obviously, this is far too big in comparison with our experiments. The 
reason is twofold: 
a): polymers do not derive their stiffness and strength from localized 
bond stretching but from change in entropy of the tangled molecular 
chains when the material deform. It means that van der Waals bonds 
between the chain matter but not so much stretching of individual bonds. 
The experimental values of the E modulus of epoxies, of PMMA and of 
PVC at a density of 1-2 g/cm-3 are close to 5 GPa. With Van der Waals 
atomic radii of F and C which are ranging between 0.149 nm and 0.170 nm 
a stiffness constant Bk  of 0.85 Nm-1 is calculated, i.e. at least 3 orders of 
magnitude smaller than predicted based on a localized-bond description. 
b): stress concentrators in the material 
 
In conclusion: external force fields in our experiments will lead to 
entropic restoring and relaxing forces, but not to localized C-F bond-
breaking effects. The answer to the question whether the force fields in our 
experiments are sufficient for bond breaking of C-F is negative.  
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